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Surge Impulse Breakdown of Air 
BY J. J. TOROK* 


Associate, A. I. E. E. 


Synopsis.—This paper describes a phenomenon which is used 
as a method of studying the development of high-voltage sparkover. 
It has been found that if a voltage which rises very rapidly to a value 
more than sufficient to cause breakdown if continuously applied is 
impressed upon a sphere-gap, and this is very quickly reduced to a 
low value, luminous streamers are produced instead of the usual 
intense spark. These streamers can be observed with the eye and 
can be recorded on a photographic plate by the use of a quartz lens. 

The phenomenon described and recorded is of intense interest 


N studying spark discharges, various investigators 
have tried to obtain the relation between voltages 
applied, lengths of gap, shape of. electrodes, 

humidity, pressure, state of ionization, and various 
other factors in gaseous dielectric breakdown. 


Н. Hertz! discovered that the spark passed more 
easily when the electrodes were exposed to ultra violet 
light and later, E. Wiedemann and A. Ebert? proved 
that the spark was affected only when the light was 
projected on the cathode. G. Jaumann? concluded 
that the sparking voltage was determined also by the 
rate of rise of voltage dv/dt. E. Warburg? concluded 
from experiments that ultra violet light reduces only 
the time lag of the spark because of the photoelectric 
effect, 2. e., the liberation of electrons from the cathode 
by light. 

Townsend,* who developed the theory of ionization 
by collison, summarizes his views as follows: “In order 
to start a discharge it is necessary that there should be 
some ions in the gas initially, and when the force in 
the field between the electrodes is raised to a certain 
point, these are multiplied by collison to a sufficient 
extent to maintain the discharge. At first the negative 
ions alone generate others as they move through the 
gas, but as the force increases and the sparking potential 
is approached, the positive ions also acquire the 
property of producing others to an appreciable extent." 
In his theories, Townsend does not attempt, quantita- 
tively, to account for time lag of spark discharges. 
He merely states that time lag is a direct function of 
the initial ionization of the gas and an inverse function 
of the overvoltage. Attempts have been made, 
however, to extend Townsend’s theory to account for 
time lag of sparks, but none has been successful in 
accounting for time lags of a shorter period than 10-7 
seconds which experimenters, such as Pedersen,’ 
Peek,’ and Burawoy,” find to exist at atmospheric 
pressures and large gap lengths. 


*Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 
1. Forreferences see Bibliography. 


Presented at the Winter Convention of the A. I. E. E., New 
York, N. Y., February, 13-17, 1928. 


because tt presents the intermediate stages between the initiation of 
and the actual flashover between the spheres. 
The effect on time lag of flashover with special reference to the state 
of tonization of the gas previous to flashover is also discussed. 
Besides giving information on the mechanism of development of 
spark-over, this method of “suppressed discharge" has been used to 
determine the nature of the electrostatic field about insulators and 


between electrodes of various shapes. 
* * * * * 


W. Rogowski'! has made a thorough analysis of the 
time lag problem, and has applied Townsend's theory 
quantitatively to a homogeneous field. In his calcula- 
tions he assumes that the field contains at least one 
free electron which starts the ionization process. The 
time of breakdown was taken to be the time for the 
eurrent to reach twice the value which would have 
been obtained if there was no ionization by collison of 
positive ions. This time is found from the determina- 
tion of the rate of ionization, the respective velocities, 
and the distance traveled by both the positive and 
negative ions. The calculations are carried to a fair 
degree of refinement. The results he obtained show 
that the doubling of the current is reached after a time 
interval of d/w in which d is the distance between 
electrodes (in his case 1 cm.) and « the velocity of the 
positive ion (which he found to be approximately 
105 em/sec.). The time required to double the cur- 
rent would be of the order of 10-5 seconds. A 
discrepancy arises between the calculated and experi- 
mental time lag of spark formation. 

Rogowski points out that the electron moves rapidly 
enough to transverse the entire field (1 em. in length) 
many times during 1075 seconds. The sluggishness of 
the positive ion eauses much difficulty and is probably 
the weak point in Townsend’s theory. Rogowski 
believes that space charge plays an important part in 
the breakdown, which would enable Townsend's theory 
to hold for surge breakdown by merely changing the 
number of electrons produced by positive ions in one 
em. of travel. 


APPARATUS 


For the study of impulse characteristics of gaps and 
other apparatus, it is necessary to have a controllable 
source of high-voltage impulses. Surges are usually 
produced artificially by discharging condensers through 
a resistance by means of a sphere-gap. The voltage 
piles up across the resistance which gradually discharges 
the condenser. The discharge may be a damped 
oscillation or a d-c. impulse, depending upon the value 
of the constants of the circuit. A surge generator of 
this nature, which the author used in studying time 
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lags of sparks, was fully described by D. F. Miner.” 
Fig. 1 is a schematic diagram of the surge generator. 
It consists of ten groups of condensers, nine of which 
are charged in parallel through one-megohm resistors, 
and the first group of the series is charged directly 
without current limiting resistors. The purpose of 
eliminating the resistance in the first stage is to fix 
the potential of the charging apparatus to the voltage 


. of thefirst group during discharge. G,isset to break down 


at a given voltage, while the other intermediate gaps, 
Gi, Gs, Ga... .. Gio are set for voltages approxi- 
mately 25 per cent higher than С. When the condens- 
ers become charged to the voltage E, for which G: is 
set, the gap G: breaks down throwing groups two and 
three in series. The voltage now across the ends of 
these two groups is 2 E, which is above the breakdown 
voltage of the gaps at the terminals, consequently they 
too will break down. Thus, all the gaps break down in 
succession. Since there are ten groups charged to a 
potential of E, the final voltage across the terminals of 
the condenser groups will be 10 E. The rated voltage 
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Fic. 1—DIAGRAM OF CONNECTIONS FOR 10-STAGE SURGE 
GENERATOR 


of each condenser group is 100 kv. Thus the maximum 
surge voltage obtainable without reflections is 1000 kv. 
By reducing the gap spacings a lower surge peak is 
obtained. 


VISUAL EVIDENCE OF TIME LAG 


The study of time lag demands a knowledge of wave 
form of the impulse obtained from the surge generator. 
While attempting to determine the wave front of 
steep waves by reflection methods, the author noticed 
that occasionally a glow resembling a corona discharge 
occurred between the 75-cm. spheres used as a mea- 
suring gap. It had been generally accepted in low 
frequency work that the sphere-gap flashover takes 
place without the initial corona formation that precedes 
a needle-gap flashover. The observance of this glow 
discharge led to a special study of the conditions under 
which it occurred. 

The surge generator was connected directly to a trans- 
mission line 50 ft. long as shown in Fig. 2. The end of 
the line was grounded, thus causing the voltage at С: 


(75-cm. spheres) to be suddenly reduced when the wave 
reflected from the grounded end reached G;; con- 
sequently the voltage impressed on G; rose very steeply 
and then dropped very sharply as a result of the reflec- 
tion at the end of the line. Under these conditions, 
when trying to measure the crest of the voltage with a 
75-cm. sphere-gap at Сз, a glow, instead of a spark, 
appeared between the two spheres. This phenomenon 


Fic. 2—DiAGRAM FoR UsiuNcG TRANSMISSION LINE 


showed that the voltage was so quickly reduced to a 
negligible value after ionization began that a complete 
spark was prevented from forming. 


IMPROVEMENT OVER TRANSMISSION LINE 


The voltage wave impressed upon the sphere-gap 
was then of the nature shown in Fig. 3. The ionization 
by collision would probably start before E, but the 
developed spark might not occur until point f was 
reached due to the time lag of the sphere-gap. If the 
voltage was brought to zero somewhat faster, the 
developed spark might not occur at all, even though the 
air between the spheres would be sufficiently ionized 
to eause a luminous glow. Since the wave shape 
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Fic. 3—GENERAL SHAPE or WAVE IMPRESSED ON SPHERE-G APS 


obtained in this way had such a flat top, conditions were 
quite critical, and therefore any slight overvoltage or 
deerease in spacing of the spheres caused a complete 
breakdown, while if the voltage did not quite come up 
to that for which the spheres were set, no luminous 
discharge would occur at all. A less critical arrange- 
ment was found by using a second sphere-gap, G Fig. 4, 
instead of the grounded transmission line. This 
circuit was a great improvement over the original 
one as it was much more flexible. By varying the 
setting of the second sphere-gap G,, it was possible to 
obtain a photograph of the discharge in the first gap 
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G in any stage of its development. The second sphere- 
gap reduced the voltage to a negligible value much more 
rapidly than was possible with the transmission line, 
where the wave front was the controlling factor. An 
example of a discharge across the first sphere-gap 
obtained in this way is shown in Fig. 5. 


From the known characteristics of the surge front, 


a fair conception of the time required for a streamer to 


Fig. 4—Mergop ror UTILIZING SpHERE-Gap INSTEAD OF 
TRANSMISSION LINE 4 


bridge а 40-cm. gap was obtained. This time using 
75-cm. spheres was found to be of the order of 10-8 
seconds. The wave used had a rate of rise of approxi- 
mately 5000 kv. per microsecond. Thus, knowing the 
sphere-gap settings (and their corresponding static spark- 
over voltages) at which suppressed discharges first appear 


Fic. 6 


Fic. 5 
Fic. 4—A TYPICAL SUPPRESSED DISCHARGE IN WHICH CATHODE 
13 GROUNDED 
Fic. 5— SUPPRESSED DISCHARGE WITH ANODE GROUNDED 


and the maximum separation at which complete spark- 
over is obtained, the time elapsing between the two 
periods can easily be found. 

Discharges of the nature shown in Fig. 5, or “‘sup- 
pressed discharges" as they might be termed, give 
much information concerning the process of breakdown. 


The bright streamers on the ungrounded positive ` 


sphere in Fig. 5 span only a portion of the distance 
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between the spheres. ` The rest of the gap is bridged by 
a light purple haze. Differences in intensities of lumi- 
nosity of various portions of the field indicate in a rough 
way that the state of ionization is not uniform through- 
out. It is probable that the bright anode streamers 
have already the properties of arcs? while the haze 
extending from the ends of the streamers to the cathode 
is still a glow discharge. Evidently then, the break- 
down starts at the most intense portion of the field 
(assuming a uniform density of free electrons through- 
out the field) and progresses into the field until it meets 
a streamer developing from the electrode of opposite 
polarity. In the case of sphere-gaps, when one sphere 
is grounded, the gradient at the surface of the un- 


Fic. 7—STREAMERS AFFECTED BY SPACE CHARGE 


grounded sphere is much higher than the gradient on 
the grounded sphere. This fact is clearly illustrated 
by Figs. 5 and 6. In Fig. 5 the cathode is grounded 
while in Fig. 6 the anode is grounded. The streamers 
on the grounded sphere have developed but little, 
showing a weak field at that point. These figures 
indicate rather clearly that a spark develops from a 
dark current to a glow discharge which in turn assumes 
the properties of an arc at points where the current 
densities are highest. 


SPACE CHARGE 


Under atmospheric conditions comparatively low 
voltage is necessary to maintain arcs. Thus when a 
streamer develops into an arc it has the effect of a 
needle extending into the electrostatic field. The 
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field form under these conditions will change, resulting 
in the development of new streamers and an accelera- 
tion in their rate of development. 

The manner in which the development of slower 
streamers is affected by the change in field form is 
shown in Fig. 7. The upper or cathode streamers are 
concave outwards. The center streamer, having prob- 
ably started first and developed faster than the rest, 


Fig. 8—ForRMATION OF STREAMERS IN SPACE BETWEEN 
ELECTRODES 


reduced the gradient between the tip and the sphere 
from which it developed, and caused the lines of force 
of the electrostatic field to be concave outwards. 

Most theoretical determinations of time lag of sparks 
assume a fixed homogeneous field throughout the entire 
process. These assumptions do not hold beyond the 
time when a streamer forms. As pointed out herein, 
these streamers are in, effect conductors extending 
into the electrostatic field. Since the entire potential 
appears at the tips of these streamers, the spacing 
between electrodes will be materially reduced, produc- 
ing an increase in the gradient between the anode and 
cathode streamers. The maximum gradient appears 
at the tips of the streamers because they can be con- 
sidered as needle electrodes. As the streamers grow 
the gradient increases, and since the rate of ionization 


Fic. 9—ELEcTRObES Usep то OBTAIN HomoGENEous FIELD 


is a function of the gradient, the streamers must develop 
more rapidly in the more advanced stages. Thus, the 
development of the streamers cannot be considered as 
uniform. 

Suppressed discharges have been obtained on gaps 
varying from 0.25 cm. to 75 em. spacing. For volt- 
ages ranging below 100-kv. crest, 6.25-cm. spheres were 
used; then for potential ranging between 100 kv. and 
500 kv., 50-cm. spheres were utilized. For all voltages 
above 500 kv., 75 cm. spheres were used. While 
observing these discharges, on small spacings (0.25 em. 
to 2-cm.) several discharges occurred which had their 
intense streamers in the center with a faint glow ex- 
tending from both ends to the electrodes. Fig. 8 
illustrates this phenomenon. _ 

This type of discharge was obtained only after several 
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lower voltage surges, not resulting in breakdown of the 
air, were impressed on the spheres. Several explana- 
tions for the phenomenon were considered, the following 
two being the most logical; first, that the location of 
the first streamer is a matter of probability, and the 
resulting variability in its location becomes more 
marked as the initial number of free electrons in the 
field diminishes; second, that a current of air carries 
out the air ionized by application of voltage below the 
breakdown value, replacing it with air containing the 
normal number of free electrons. The surface friction 
prevented the air next to the electrodes from being 
swept out. When a surge of higher amplitude than the 
rest was applied, the air in the center of the gap became 
ionized to a higher degree than that at the surface, 
due to the greater initial number of free electrons at 
that point. As ionization progressed, a streamer 
formed in the center, but before it could reach either 
electrode, the voltage was reduced by the suppressing 
gap. 
Should the second explanation be correct, it would 


Fic. 10—ScHEME ron De-Ioniz1inc AIR BETWEEN SPHERES BY 
CONDENSER POTENTIAL 


mean that the breakdown (at least with very steep 
surges and normally ionized field) is not produced by 
electrons traversing the entire field but that each portion 
of the field is ionized separately by the local ions, 
these sections being joined together as the streamer 
progresses. 

Using spherical electrodes this phenomenon was 
reproduced quite often, 7. e., 1 out of 10 times. Again 


. when the field distribution is considered it is difficult to 


attribute this type of suppressed discharge to prob- 
ability. The highest gradient is at the surface of the 
spheres, while the gradient at the center is appreciably 
lower; thus the velocity of the electrons and positive 
ions will be higher near the surface than in the center 
and more electrons will be produced there. With 
higher density of free ions near the surface, the prob- 
ability of the arc originating at the center would be 
much less. However, when electrodes of the type 
shown in Fig. 9 were used, the phenomenon occurred 
3 out of 10 times, the gradient throughout the field 
being more nearly homogeneous than with spheres, 
which gives the probability theory more weight. 


THE EFFECT OF VARYING THE INITIAL DENSITY 
ОЕ IONS 


The original number of ions in the field can be varied 
by two means,—by controlling a source of ionization and 
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by drawing the free ions out of the field. The. latter 
can be effected by impressing a constant voltage below 
breakdown value on the electrodes. In applying the 
first method, soft X-rays were used to ionize the field. 
The set-up used is shown schematically in Fig. 10. 
Gaps G, and G, had a constant potential impressed 


Fic. 
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conditions would show suppressed discharges appearing 
The results of this test are tabulated in 
Table I. Under these conditions, suppressed discharge 


TABLE I 
Gi Go Ga 
Sep. Sep. Sep. 
in, iu, in. 
Conditions | cm. | &v | cm. | Kv. | cm. | Kv. Remarks 
Excited 
No Х-гауѕ..|1.68| 50 | 1.9 57 |2.33| 66 | Complete flashover 
on G, Ceased at 
2.33-cm. spacing 
and suppressed dis- 
charge occurred 
very seldom above 
that value. 
Excited 
X-raysonG4|1.68| 50 .| 1.9 | 57 | 3.18) 81 


Complete flashover 

-| ceased on G, for 
separations above 
3.18 cm. but sup- 
pressed disharge 
appeared from 
3.18 ст. to 3.8 cm. 


at G, could rarely be obtained, and even then the glow 
at the ends of the streamers was very faint. The 
maximum voltage indicated by G, was 66 kv. X-rays 


. Fic. 13 


Fics. 12, 13, 14, 15—Successtve SraaES or BREAKDOWN OF AIR 


12 Early stage 


‘Fig. 14 Fig. 15 


13. Secondary stage © 
14. Space almost spanned by streamers 
15. Complete discharge 


upon them, which in this case is always the condenser 
charging potential E. When G, broke down the two 
banks of condensers were thrown in series, impressing 
2 Е on gaps Gz, Сз, and G,. In this manner surges were 
applied to sphere gaps which were constantly excited. 
Under these conditions the number of ions in the field 
just before breakdown was reduced to a very small 
quantity. G; was set slightly above the breakdown 
value of G, so that С; would break down before С. 
G, was used to measure the voltage and under suitable 


were directed on G, Fig. 10 to increase the ionization 
in the gap. Now, however, the spacing in G, had to be 
increased to 3.18 cm. before complete breakdown ceased. 
This setting corresponds to 81 kv. Suppressed dis- 
charge appeared up to a separation of 3.8 em. or 89 kv. 
The glow at the tips of the streamers was now very 
pronounced. These two tests indicate rather strongly 
that the time lag of sphere-gaps is a function of the 
number of ions in the field when the surge is applied. 
The prominence of the glow at the ends of the streamers 
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in the case of previously ionized gaps together with the 
increase of speed of breakdown is in full accord with the 
assumption that the free ions originally in the field 
produce numerous ionized sections which finally join to 
form streamers. The rapidity of development of these 


Fic. 16—ELectrostatic FIELD AROUND INSULATORS MODIFIED 
BY AnRciNG RING AND ARCING HORN 


streamers might be taken as a function of the number of 
these ionized sections. 
ELECTROSTATIC FIELD DETERMINATIONS 


It seems possible to study the progressive stages of 
breakdown by the suppressed discharge method. This 


Fig. 17— FIELD ARouND INSULATORS AS IMPROVED BY CIRCULAR 
Arocine RINGS 


will yield important information as to the character of 
breakdown with various type of apparatus. Fig. 11 
portrays a rare type of streamer development. The 
streamer starts at the side rather than in the center and 
develops according to the electrostatic field at that 
point. This cut reveals the effect of the earth upon 
the electrostatic field between the spheres. 
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. Figs. 12, 18, 14, 15 were selected from a large number 
of tests as representing progress of breakdown from 
initial streamer formation to arc-over. 

One application of the suppressed discharge which 
has proved useful in engineering work is shown in Figs. 


Еа. 18— ELECTROSTATIC FIELD as MODIFIED BY ELLIPTICAL 
RiNGS 


16, 17, and 18. A picture of the electrostatic field sur- 
rounding an insulator string at the time of impulse 
application is produced and shows the corrective or 


Fig. 19— THE EARLY STAGES or INSULATOR FLASHOVER 


destructive effect caused by use of special transmission 
fittings. In Fig. 16 a horn was used at the top and a 
ring at the bottom of an eight unit string. The con- 
centration at the horn tips is shown and also the 
drawing-in of the field at the top of the string. This 
leads frequently to cascading flashover. In Fig. 17 
two arcing rings were used and the field is much im- 
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proved. A flashover clear of the string will result from 
this field. Special elliptical rings were attached in 
Fig. 18 and the resulting field is well distributed. 

Fig. 19 reveals the manner in which a string of 
insulators cascade. The bottom insulator is already 
shunted by a streamer, while the one above it is just in 
the process of cascading. A streamer is forming from 
the cap of each of the two bottom insulators. The 
streamer progressing from the cap of the one next to 
the bottom is barely visible. Unfortunately the 
streamers develop much more rapidly in the latter 
stages making it very difficult to obtain suppressed 
discharge after the streamers have spanned a third of 
‘the spacing between the electrodes. Thus a complete 
story of dielectric breakdown by this method is almost 
impossible, but much can be learned from the earlier 
stages of development. 


The writer wishes to express his appreciation to 
Dr. J. Slepian for many suggestions and comments 
which have been of great assistance in carrying on this 
work and in preparing this paper, and also to Mes:rs. 
Fortescue and Tenney for their valuable criticisms. 
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Discussion 


C. L. Fortescue: I will bring out some important practical 
deduetions from the results Mr. Torok obtained with the sup- 
pressed flashover of spheres. 

First I want to review what he found for these spheres. The 
stages of breakdown are: 1, free eleetrons are drawn into the field; 
2, free electrons are increased by ionization by collision, recom- 
bination taking place also; 3, a critical stage is reached where the 
rate of ionization and volume density of the free electrons has 


reached a critical point, which shows itself in the emission of 


ultra-violet rays. This results in the final stage when it is be- 
lieved that molecular dissociation of the air molecules takes 
place, which is shown by intense white streamers which form 
at the electrode having the highest intensity, and these streamers 
grow outward from the electrode and finally grow together and 
eause the breakdown. The growth of these streamers takes 
place progressively from the electrode outward, and it appar- 
ently has a velocity of propagation which is proportionate to 
the difference of potential between the electrodes, so that from 
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this point on the breakdown takes place as а function of time. 
It is not instantaneous but takes an appreciable time. | 

This is the factor which is responsible for the fact that with 
very steep wave fronts an insulator, or a string of insulators, has 
what is known as an impulse factor. That is to say, it breaks 
down at a higher value than the normal 60-cycle flashover. 

I wish to show the reason for this by means of the accom- 
panying Fig. 1. The steepness of the wave fronts is shown by 
straight lines, and the slope determines the steepness. The 
surges we consider are surges which would keep on rising if the 
insulator or spark-gap did not flash over. The horizontal line 
shows the voltage at which the insulating string or sphere-gap 
will have reached the critical stage, where, you might say, it is 
just at the point of breaking down. 


Breaking down is not an instantaneous process; it takes time. 
So during the time while the breakdown is taking place the 
voltage is still rising, and the actual are-over will take place at 
some higher voltage, the magnitude of which will depend upon 
the character of the insulator or spark-gap. Now if we were to 
have a wave which just reached the 60-cycle flashover or critical 
point, and then remained at that voltage for an appreciable 
length of time, and then came down, the flashover would take 


TIME 


Fig. 1— TiME-VorTAGE FLASHOVER OF INSULATION 


place at some appreciable time from the point at which it reached 
that voltage, and the potential recorded would be the same as the 
60-cycle flashover potential or slightly higher. However, if the 
same wave had been still going up, the voltage recorded would 
not be the 60-cycle voltage but the flashover would take place 
at some time after this stage had been reached and at a higher 
value. This time ean be calculated by the velocity at which these 
streamers come together. 


The steeper the wave front the higher the voltage that will be 
reached before those streamers come together. But the velocity 
increases with the potential, and the actual time that elapses 
between the eritieal point and the point of flashover becomes 
somewhat less as the steepness increases, so that we can figure out 
the points for each steepness and we will get a curve like that 
shown in Fig. 1. That is what Mr. Torok’s results indicate, and 
as a result of his work we have been able to calculate the flash- 
over curve for different steepnesses of wave front of strings of 
insulators, and have been able to duplicate those results by 
actual observations very closely. In fact the curves check so 
well that the discrepancies are within the errors of observation. 

Another important thing that this shows is that the sphere-gap 
always has a time lag, though this happens to be very small. 
The sphere-gap is not instantaneous. From the results of Mr. 
Torok’s tests I have made some calculations on the probable 
impulse factor of the sphere-gap. For instance, for a wave 
front which has a steepness of about 10,000 kv. per microsecond, 
the impulse factor would be about 1.05. The steepest wave we 
get in lightning does not go much above 4000 kv. per micro- 
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second, and at that value the impulse factor is probably not 
more than 1 or 2 per cent above unity at the most, so that we 
can always rely on the sphere-gap to give the correct surge poten- 
tial for all waves that we are likely to get in service, and therefore 
for all practical waves in the laboratory. We can, of course, 
produce waves in the laboratory that have a much greater steep- 
ness than those that are encountered in lightning. 


Now one more point. These results of Mr. Torok also throw a 
great deal of light on the phenomena of lightning. Mr. Simpson, 
one of the British authorities on lightning, has shown, at least 
he has satisfied himself, that certain experiments which he has 
made indicate that when a cloud is negatively charged the 
lightning stroke will start from the earth instead of the cloud. 
His experiments have convinced him that this is true, and he has 
also shown photographs supporting this point of view. 

In Fig. 2 herewith, is shown a cloud about 1 km. above 
the earth’s surface. Simpson says that the lightning discharge 
starts in the earth and goes up and then branches out into a 
portion of the cloud and discharges this portion of the cloud. 
He claims that when the cloud is positively charged the stroke 
does not branch out and only a very small portion of the cloud is 
discharged. And therefore, he says that the severe discharges 
from the clouds are all negative. Apparently this is true, for we 
have always found in our field investigations in lightning that 
all the severe discharges were negative. 
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Let me point out what probably occurs as a result of Mr. 
Torok’s investigations with spheres. "These streamers do form 
at the earth and they are propagated toward the cloud at a 
certain velocity which is quite fast. We don't know just what it 
is between cloud and earth but between spheres it happens to be 
about one-tenth the velocity of light. The cloud is not dis- 
charged when the streamer reaches the cloud. That is only the 
beginning of the discharge. All that has happened is that a 
conducting path has been formed between the earth and the 
cloud. After this is formed, a part of the cloud discharges to the 
earth in the form of a surge. In other words a dynamic surge is 
formed along the path that has been made, conducting by this 
first, initial streamer, a condition which Mr. Torok describes. 
So that when this portion of the cloud is discharged a wave or 
surge is set up which, if it strikes a transmission line, is already 
dynamic and divides into two ways forming the surge encountered 
in lightning. : This surge, being dynamic, does not reach as high 
values as if it were simply a case of a certain charged capacity in 
the cloud combining with the capacity of the transmission line 
to produce a potential on the line, but the dynamic surge divides 
and is reduced thereby. Otherwise it would be very hard to 
account for the fact that a great deal more damage is not done by 
lightning. The potentials of the clouds are so high that one 
would expect very much higher potentials in surges than actually 
appear, if the phenomena were the same as that of the discharge 
between two condensers, one of which is charged to a high poten- 
tial and the other is uncharged. 

The foregoing gives, I believe, a correct scientific explanation 
of the lightning discharge, and one which will account for the 
surge potentials which are encountered in the field. 
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J. A. Duncan: Mr. Torok refers to Rogowski’s analysis of 
the time lag problem on the basis of the Townsend Ionization by 
Collision Theory. Rogowski has, as Mr. Torok says, been 
rather careful with his mathematics and I shall assume that it is 
correct. After reading his paper, my understanding of his con- 
elusions is as follows: 


A few electrons are assumed to be present in the air previous to 
the application of the electric field. A field of 30,000 volts per 
em. is suddenly applied. "The eleetrons aequire velocities which 
on the average are of the order of magnitude of V = 4.3 X 107 
em./second. This means that an electron will move completely 
across the gap, which in his case was one centimeter, in about 
2.8 X 10-8: seconds. In so doing, it will ionize a great number of 
moleeules, each of which gives rise to one new electron and one 
positive ion. These new electrons will all immediately proceed 
to move towards the anode and acquire velocities comparable 
to 4.3 X 10? em./sec. and will in turn each produce a great many 
more new ions by collision as they go. The new positive ions, 
on the other hand, move toward the eathode with velocities only 
of the order of U = 0.96 x 10° ст. /ѕес. and will take several 
hundred times as long to get under way to the extent of produe- 
ing further new ions by their collisions with molecules. 


Breakdown is assumed to have occurred when the current 
reaches a value twice as great as that which would result from 
the ions produced by collision of negative electrons only. In 
other words, it occurs after the positive ions begin to have an 
appreciable effect, according to his picture. The time is too long 
in comparison with experiment simply because the positive ions 
move relatively slowly. 


The question naturally arises whether there is some other 
secondary agency which begins to produce new ions and hence 
aid in the increase or doubling of the current long before the 
positive ions begin to have an effect. 


According to Haas, (Introduction in Theoretical Physics» 
Vol. 11, Par. 119) it requires several times as much 
energy to ionize an atom into positive and negative ions as it 
does to excite it to a condition such that it can radiate light. 
This excitation consists of knocking an electron out of its normal 
orbit to an outer orbit, from which it may later fall back. The 
electron remains in the outer orbit for a time whose order of 
magnitude is 10-5 sec., according to Haas, and then falls all or 
part of the way back to its original orbit and in so doing, emits 
light. This light will be scattered in all directions, some falling 
on each electrode. Suppose some of this is ultra-violet light. 
In this case, new electrons will be emitted by the photoelectric 
effect at each electrode. Those emitted from the cathode are 
available for a very marked increase in the current which inerease 
ean take place in less than 10-7 seconds. The elapsed times 
occurring are as follows, for the one em. gap: 


Time for 1st set of electrons to each anode.... = 2.3 x 10-8 sec. 
Time allowed for emission of light........... = 1 X 10^ sec. 
Time for passage of light to cathode 
T M = 0.33 x 10-!? see 
3 x 10" | 
Time for second set of electrons to reach 
anode. sete a hes Шука даакы» =.2.8 x 10-8 
Total elapsed time........................ = 5.6 x 10-5sec. 


In this connection it is interesting to note that the photo- 
electric effect, 7. e., the emission of electrons from the surface 
of metals on whieh ultra-violet light is allowed to fall, was 
discovered by Hertz when he observed that the light from one 
spark-gap between aluminum electrodes in air had an appreciable 
effect on the ease of discharge of & second gap if this light fell 
on the electrodes. 


What I am now suggesting is simply that it seems conceivable 
to me that in a single gap there might exist a similar effect even 
in a time shorter than 10-7 sec. 
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. Mr. Torok has made a much deeper study of breakdown phe- 

nomena than I have and I trust he will be so kind as to tell us 
whether such a supposition, in the light of his experience, is 
conceivable to him. 


Joseph Slepian: Mr. Torok in his paper brings out that the 
Townsend theory of breakdown in spark-gaps apparently fails 
at atmospheric pressures when the speed with which the spark- 
gap breaks down is considered. In the mechanism required by 


the Townsend theory, time of the order of 10-5 or 10-* see. would . 


be required for breakdown. The pietures which Mr. Torok 
has obtained seem to point out also pretty definitely that the 
Townsend mechanism does not hold at atmospheric pressure, 
and they suggest what may be the way out of the difficulty. 
The Townsend mechanism apparently works very well at low 
pressures. It requires electrons moving toward the anode to 
ionize by collision, and also requires the positive ions generated 
by collision to return towards the cathode. The return of these 
positive ions is necessary in order to bring out by collision a new 
and inereased supply of eleetrons to earry on the breakdown 
process. But it is the slowness of the positive ions in returning 
toward the cathode that causes the difficulty with the application 
of the Townsend theory to breakdown at atmospheric pressures. 

According to the Townsend mechanism it would seem that 
the conductivity should develop over the whole breakdown path 
in a rather uniform manner. That is, the whole path should 
first become slightly conducting, and then more and more highly 
conducting. The pictures of suppressed discharges should then 
give either faint breakdown paths or more intense breakdown 
paths. The pictures actually show the path completely broken 
down in one part and not at all broken down over the remainder. 
They show that the breakdown progresses rapidly across the 
gap, being almost complete over part of the gap before it begins 
in other parts of the gap. The pictures strongly suggest that 
the single passage of the initiating electron across the gap is 
enough to give breakdown. According to the Townsend theory 
when the single electron goes across the gap and is accompanied 
by its tremendous progeny of electrons that it generates on the 
way, the initiating electron and its descendants all travel to- 
gether and leave behind them only a trail of slow-moving positive 
ions, which could hardly be called conducting. 


But Mr. Torok’s pictures suggest that the trail which the 
initiating electron does leave behind is highly conducting. A 
possibility which occurred to me is that at atmospheric pressures 
the multiplication by collision of the initiating electron is so rapid 
and the multiplication takes place in a path of such small section, 
that the mere passage of it, with its accompanying new electrons, 
is enough to raise the temperature of the path to a high degree 
and to leave behind a path that is at such high temperature that 
it is thermally ionized, and continues to be ionized by virtue of 
high temperature. 

On this basis, I have calculated what the temperature would be 
in the path traversed by the initiating electron, and was rather 
surprised to have it come out sufficiently high. In fact, on this 
basis I was able to check quite closely the values for breakdown 
of spark-gaps at atmospheric pressure, and also to get the right 
order of magnitude for the time of breakdown. 

I believe that a very valuable part of Torok’s work is in the 
suggestions which it leaves for future work, such, for example, 
as taking into account the temperature rise in the path of an 
electron, as I have attempted to do. 

F. W. Peek, Jr.: 
and in 1915 presented a paper before the Institute on the Effect 
of Transient Voltages on Dielectrics. (See Trans. A. I. E. E., Vol. 
XXXIV, part II, 1915, p. 1857. Cathode-ray oscillographs 
that could record transients of short duration were not available 
so it was necessary to devise an impulse generator for which the 
waves could be calculated. Such a generator was devised and we 
were able to determine time and time-lags for all types of gaps, 
insulation, insulators, ete. It was found that these time-lags 
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came conveniently in millionths of seconds. For this reason the 
term ‘‘microsecond’’ was used and found to be an exceedingly 
eonvenient unit. 

The early work with this lightning generator showed that the 
impulse sparkover or breakdown voltage was always higher than 
the 60-cycle or continuously applied breakdown voltage due to 
the time-lag. The ratio between the impulse breakdown voltage 
and the 60-cycle voltage was called the ''impulse ratio." This 
term is still used to indicate the relative values of insulation for 
lightning or impulse breakdown. The higher this ratio under 
given conditions the greater the lag. This research showed that 
for electrodes giving an approximately uniform field, as for 
instance the sphere gap, the lag was small or the impulse ratio was 
approximately unity over a large range of impulses. It also 
showed that for irregular fields the lag was appreciable and the 
impulse ratio increased with the steepness of the wave front. 
In other words, it was found that the lag was not constant but 
varied with the duration or rate of application of the voltage as 
well as with the type of electrode used. Since the impulse ratio 
of the sphere-gap approximated unity except for the very steepest 
waves, it offered a means of measuring transient voltages and has 
been an almost indispensable tool in such investigations. 


This early investigation was carried up to about 200,000 volts. 
Since then the work has been carried on to considerably over 
2,000,000 volts. Recently I have been able to obtain actual 
oscillograms of the calculated time-lags and waves of the 
original investigation. These measurements were made with a 
eathode-ray oscillograph of the Dufour type developed in our 
general engineering laboratory at Schenectady. 

The oscillograms checked our early work very well. Similar 
oscillograms have also been made of the very high-voltage waves 
with a similarly good check of the calculated values. 

A great deal of practical value came out of this early investi- 
gation. For instance, since the sphere-gap had practically no 
time-lag it offered an ideal lightning-arrester gap. On the other 
hand the information made it possible to design bushings and 
insulation with high time-lag or great lightning strength. 

The more recent work at the higher voltages has also been of 
practical value in determining the best means of building trans- 
formers and other apparatus to resist lightning. One instance 
that might be mentioned is the grading shield for insulators which 
is of particular value at high voltages, since it not only prevents 
cascading but also increases the lightning arc-over. 

Mr. Torok’s pictures showing the value of the grading ring are 
quite interesting and confirm my own work. 
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I have also observed the partial or incomplete lightning ares 
due to transients of short duration. 'The aecompanying Fig. 3 
is a good example of this. In this figure the completed arc is 
shown as well as other incomplete ares along the lines of force 
between the gap. In the course of my investigations I have 
obtained similar photographs of bushings, insulators, ete. I 
hope that Mr. Torok will be able to continue his very interesting 
work. 


H. J. Ryan: (by letter) Mr. Torok's unique experiments 
made by a new mode of procedure yielded important results 
which are placed in the light of a clear understanding. These 
are the pioneer group of a long line of experiments that will 
follow quickly, now that the value of the ‘‘arrested’’ method is so 
well demonstrated. The role of the space charge in the Town- 


send theory of ionization by collision whereby the heavy positive ` 


ions also attain velocities high enough to produce other ions by 
collision, has been clearly emphasized. The participation of the 
positive as well as the negative ions is necessary in the process of 
sufficiently augmenting ionization by collision to retain the 
Townsend theory in accounting for the enormous conductivity 
that is known to develop with great suddenness in sparkover. 
In addition to local citations by Mr. Torok, see the brief paper on 
“Ionization by Positive Ions,” in the December 23, 1927 issue of 
Science by Dr. Leonard B. Loeb and his more extended paper on 
“Theory of Electrical Breakdown of Gases at Atmospheric 
Pressure," soon to appear in the Journal of the Franklin Institute 
of Pennsylvania. In concluding the latter paper, Dr. Loeb says 
"experiments should be undertaken in laboratories equipped for 
the purpose to look for both the spark-lag and the non-uniform 
field.” 


It is of great practical as well as theoretical value to know the 
facts about the time-lag and the other essential physical charac- 
teristics of sphere-gap discharges. The result recorded and 
discussed in connection with Fig. 8 well authenticates the 
important fact that the blue-white channel which grows into a 
sparkover with enormous suddenness is formed of dissociated air 
without the presence, necessarily, of electron-laden metallic vapor 
drawn from the electrodes. When not too explosive the spark 
merges later into an arc pervaded by metallic vapor. The time 
factor in the rapid production of the high conductivity of the 
spark channel is well established in the paper. The impedance 
of all ordinary high-voltage sources having small terminal 
capacitances is too great to accord sufficient current acceleration, 
di/dt, to develop strong sparks. Only when the capacitances 
of the electrodes are relatively large can the current acceleration 
be great enough to develop sparks that are strong enough to be 
easily distinguished from the arcs that follow. 

To date, then, it appears that sparkovers are due to highly 
conducting channels of electrically broken down or dissociated 
air produced when the intensity of migration of ions formed in 


‘corona exceeds a critical value. The voltage consumed in 


producing this critical intensity of migration of corona ions in the 
air at 25 deg. cent. and 76 cm. pressure is approximately 4 kv. 
eff. per cm. or 10 kv. eff. perin. At higher driving voltages the 
ionized air is electrically dissociated so as to become suddenly 
enormously more conductive. The magnitude of the conducting 
channels thus established is largely determined by the strength of 
the current that the impedance of the rest of the higher-voltage- 
source circuit will permit to flow. Many able physicists are at 
work upon the intimate characteristics of this greatly enhanced 
ionization that results in sparkover and which for present pur- 
poses we are calling electrical dissociation. 

That air may bevome electrically dissociated and rendered 
enormously conductive can be conveniently demonstrated in the 
high-voltage laboratory by using nitrogen-filled incandescent 
lamps as discharging electrodes. The lamp bulbs are mounted 
axially with their convex walls face to face and separated by a 
short distance, 1 to 3 in., according to size. On applying to them 
gradually increasing voltage, a value of voltage is soon found 
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at which the nitrogen goes into corona and an abundant supply . 


of ions is thus produced. The space charges that result within 
the bulbs migrate to and are bound at the inner faces of the 
opposing bulbs to form a strong field between them through the 
open air. Such air then goes into corona too, copiously forming 
ions that are made simultaneously to migrate with an intensity 
that exeeeds the eritieal migrating intensity resulting in the 
dissociation which forms the highly conducting blue-white 
channels characteristic of sparkover. The channels separate and 
convey the ions to respective outer bulb-wall to be bound to the 
opposing charges existing on the inner bulb-walls. Thus spark- 
Overs are produced between glass walls as electrodes with no 
possibility of electron-laden metallic vapor taking part. In 
performing this experiment care must be taken to shut off the 
supply voltage quickly after the sparks between the bulbs have 
been started, otherwise the pyroelectric effect that follows will 
produce thermal punctures. It is well to remember that addi- 
tional condensers connected between the electrodes or better, 
perhaps, between each electrode and ground will increase the 
available current acceleration necessary for well defined spark- 
over action. | 

This sparkover experiment with the nitrogen-filled incandes- 
eent lamps was suggested by Bradley Cozzens of our present 
high-voltage laboratory staff. 


Fig. 4—ELECTROSTATIC FIELD OUTLINED BY CORONA 
DURING IMPULSE TEsTS ON A 73,000-VoLT Оп, FitLED BUSHING 
SUBJECTED TO IMPULSES OF 850,000 Уот 


E. D. Eby: (communicated after adjournment) Mr. Torok’s 
observations concerning the study of the electrostatic field by 
means of the suppressed discharge as illustrated in Figs. 16 019 
of his paper remind me of a similar study which I made in 1924. 

At that time we were investigating the impulse flashover of 
high-voltage bushings of the oil-filled type. These bushings 
offer a splendid means for study of impulse phenomena because 
they are immune from damage under such impulses and may be 
tested repeatedly without failure. Among the interesting tests 
we made were some arranged to show the distribution of the 
electrostatic field around the bushing under impulse conditions. 
The distribution under 60-cycle conditions had been observed 
repeatedly and had actually been measured and plotted. It was, 
of course, out of the question to measure the distribution with 
impulse voltages, but we found we could photograph the electro- 
static field and thus secure a very fair idea of its distribution. By 
applying impulses of different magnitude up to and including 
the flashover voltage, and by photographing the corona formed 
by these impulses with a special lens and rapid film, we were 
able to secure a very good idea of the electrostatic field under 
impulses. 

In Fig. 4, herewith, there is shown a photograph of a 73,000- 
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volt oil-filled bushing subjected to about 850,000 volts. This is 
below the flashover voltage of the bushing, and the discharges 
at the most intense points of the field reach only a short distance 
into space. The shape of the field is well outlined by the corona. 
A similar view taken during the same series of tests was published 
in the Electrical World June 12, 1926. The more intense illu- 
mination of the film was produced in that instance by applying 
ten successive impulses during the exposure. 

In Fig. 5, herewith, there is shown a view of the electrostatic 
field surrounding an 88,000-volt oil-filled bushing when subjected 
to impulses of about 1,000,000 volts. This view is particularly 
interesting in showing the concentration of the luminous field 
at points on the electrodes. Just above the porcelain shell, 
shafts of light are seen emerging from the surface of the clamping 
ring, these spots probably indicating small beads on the surface 
of the casting. Likewise, below the porcelain shell the con- 
centration of the field upon the heads of the elamping bolts is 
very conspicuous. 

During the same series of tests, impulses were applied to 
the bushing, subjected to a spray of water, in accordance with 
usual wet-test practise. The voltage required to produce flash- 
over under these conditions was approximately the same on the 
average as required when the bushing was dry. This fact is of 
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special importance in a discussion of the performance of bushings 
. under service conditions. It demonstrates that the wet flash- 
over voltage of a bushing is of interest only in terms of the system 
frequency. If the wet flashover is of such value that it exceeds 
any low-frequency potential that can occur on the system, there 
is nothing gained by increasing it further. Since voltages of 
the order of magnitude of flashover of bushings of good design 
occur in service only under impulse conditions where the wet and 
dry flashover voltages are the same, it becomes of prime impor- 
tance to relate properly the impulse flashover of the bushing to 
other insulations on the system and particularly to the puncture 
strength of the bushing itself under impulses. Beyond question, 
a bushing should be self-protecting under impulse voltages as 
well as at system frequency, so that it may withstand impulse 
flashover without puncture in serviee. 

The illustrations in Mr. Torok’s paper in which insulators 
are shown, and the accompanying pictures of similar tests on 
oil-filled bushings illustrate also why the impulse ratio of these 
devices is approximately the same as that of the needle-gap. The 
wide departure from uniformity in the distribution of the electro- 
static field permits portions of the space near the electrodes to 
become completely conducting before the intervening region has 
become sufficiently stressed to permit discharge. If a design of 


bushing or insulator approaching a sphere-gap in characteristics . 
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were to be subjected to impulses, the impulse flashover voltage 
would be relatively lower. Such a bushing or insulator having a 
normal 60-cycle flashover voltage would invite premature flash- 
over under impulses. For this reason, a bushing with a high 
impulse ratio is desirable—that is, one having an impulse voltage 
comparable with that of other gap spacings on the system. 
While points on the electrodes of a bushing will reduce its 60-cycle 
flashover, they serve the more important function of maintain- 
ing a high impulse ratio. 

К. B. McEachron: (communicated after adjournment) 
The method of studying the breakdown of air under impulse 
conditions given by Mr. Torok, sheds further light on the mech- 
anism of the propagation of lightning through the earth’s 
atmosphere. A more complete understanding of how the 
breakdown between the cloud and earth is accomplished would 
aid materially in determining the effects on electrical circuits 
located within the cloud field. It has been stated, based on 
Simpson’s theory, that the discharge of a positive cloud is slow 
and therefore not harmful to the electric circuits and apparatus 
involved. On the other hand, discharges from the negative cloud 
are abrupt and give rise to dangerous voltages on transmission 
circuits. These statements are said to be determined from the 
results of klydonograph studies on transmission lines in which 
the highest voltages are found to be negative, indicating direct 
strokes, and the smaller voltages positive indicating neces 
charges, but from negative clouds. 


If it were known that the negative discharges were the result 
of direct strokes and conversely that all of the direct strokes 
produced negative figures, the case would be somewhat more 
definite, but unfortunately such correlation of data is lacking. 
Positive and negative surges have both been found of magnitudes 
indicating potentials on conductors of 1800 kv. or more. On 
some of the systems studied, almost no difference in potential was 
found between the positive and negative surges. 


In the very nature of the case one would expect nearly 
always to have many more induced surges than direct strokes 
and consequently find one polarity predominating. Although 
on some systems this has been true, there have been notable 
exceptions. In view of the nature of the data yet available, it 
does not appear that any definite statement can be made as to 
the polarity of clouds which give rise to dangerous surges. The 
same cloud may have, of course, different polarities at different 
points within the cloud. 


Studies similar to that of Mr. Torok’s coupled with an in- 
vestigation of the lightning discharge itself will do much toward . 
reaching the true determination of the mechanism of the light- 
ning discharge. | 

From the paper and the ensuing discussion, I gather the impres- 
sion that the effects due to polarity are masked by the fact that one 
of the two spheres was grounded. If Figs. 5 and 6 of the paper 
are eomparable, one would be inelined to the belief that with 
ungrounded spheres, a discharge would appear having a greater 
volume on the positive sphere than on the negative sphere. 

When viewed through a stroboscope, 60-cycle discharges 
appear almost entirely on the positive conductor. A study was 
made of this discharge а few years ago at Purdue University.! 
Using a synchronous camera the corona discharge from a pair of 
needles was spread along a time axis. Occasionally when a 
critical potential was reached, a spark would occur which was 
associated with the positive needle but not always with the nega- 
tive. The negative point during these tests always showed a very 
intense point of light. The investigation was conducted in two . 
ways; one in which the field was alternately positive and negative, 
and the other in which the needle was mdved synchronously so 
з, "A Photographic Study of High-Voltage Discharges,” Bulletin 
No. 19, Engineering Experiment Station, Purdue University, Lafayette, 
Ind. 


Two Photographic Methods of Studying High-Voltage ‘Discharges, K. B. 
McEachron, Trans. A. I. E. E., Vol. XLII, 1923, p. 947. 
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that any given location was subjected to a pulsating field always 
of the same polarity. With either method, it was found that the 
streamers and corona discharge were associated with the positive 
needle. 

I believe it would be of value if Mr. Torok would give us the 
benefit of his ideas and experience with relation to the effect of the 
polarity of the sphere on the discharge so that his results may be 
correlated with the facts relating to 60-cycle discharges. 

J.J. Torok: І wish to emphasize a few points that probably 
have not been made clear in my presentation. 

Each photograph portrays the effects of a single surge on the 
apparatus under test. Mr. Peek and Mr. Eby have described 
tests in which they have made similar photographs of electro- 
static fields. However, in their determinations, the voltage 
applied was always below breakdown value, and for that reason 
only the corona discharges were recorded. In our tests the 
voltage was raised well above the continuously applied break- 
down potential and then was reduced to a negligible value 
before the developing streamers spanned the entire gap. This 
method has many advantages since it furnished: 1, a reliable 
determination of conditions throughout the entire field, 2, in- 
formation on the process of breakdown at any stage of develop- 
ment, and 3, an indication of the process involved in the 
breakdown of air. 

Mr. Duncan has suggested that the ionizing properties of 
ultra-violet light might be used as a basis for explaining this phe- 
nomenon. The ultra-violet light theory has been given eonsidera- 
tion, but it seemed inapplicable in this ease. The recombination 
of the free positive and negative ions liberates a given quantity 


Transactions A. I. E. E. 


of energy, only a part of which appears in the form of ultra- 
violet light. If all this energy were used in producing new 
electrons in the field (which is hardly possible), the maximum 
number of ions generated could not exceed the original number 
that had reeombined. 'Thus from an energy standpoint, it 
is hard to justify this theory. Ultra-violet light may aid in 
the formation of the pink glow in the dark portions of the field, 
but the white streamers are probably formed by intensive 
thermal ionization, by which means a much greater proportion 
of eleetrons is produeed than by ultra-violet light. 

The time lags of sphere gaps and other apparatus can be 
attributed to the slowness of development of the white streamers. 
A study of the development of these streamers in various types 
of fields was made. It was found that the development depended 
upon the intensity of the field. In the near future some of these 
results as well as the methods by which they were obtained will 
be published. 

Mr. Peek pointed out that his investigations showed that 
ealeulated waves checked very closely those recorded by the 
eathode-ray oscillograph. The surge-generator circuit used in 
producing these suppressed discharges contained many gaps 
which changed their resistances sufficiently on breakdown to 
modify the wave front. In some types of surge generators, there 
are fewer gaps, which reduces the arc-resistance variation. 

As to the theory involved in the breakdown of air, the calcu- 
lations that Dr. Slepian has made will probably eliminate many 
of the discrepancies and make it clearer than I could. 

Regarding Mr. MeEachron's question on polarization of the 
spheres, we are now working on this and it will be reported later. 


Approximate Solution for Electrical Networks 


When These are Highly Oscillatory 
BY E. A. GUILLEMIN: 


Associate, A. I. E. E. 


Synopsis.—The general solution to the slightly damped network 
4s expressed in terms of the undamped solution by means of series 
expansions. The first part of the paper gives a method for evaluat- 
ing the complex roots of the determinantal equation, and the second 


N working out the general solution of an electrical 
network, subjected to suddenly applied e. m. fs., by 
the classical method, there are two steps which 

involve a disagreeable amount of calculation—the 
determination of the natural angular velocities of the 
system, and the evaluation of integration constants or 
transient current amplitudes. The use of Heaviside’s 
expansion formula does considerable toward simpli- 
fying—at least systematizing—the latter; but there 
still remains the necessity of solving high powered 
algebraic equations, which, when the network contains 
more than two meshes, becomes a tedious process. 
Primary among the factors which contribute toward the 
unwieldiness of the solution are the dissipative terms 
introduced by the presence of ohmic resistances. The 
solution for an idealized system with no ohmic losses 
is much simpler both analytically and in consequent 
numerical manipulation. In the first place, the deter- 
minantal equation for this case contains only even 
powers of the independent variable, say p, and, when 
solved for p?, contains only negative real roots which 
` may be evaluated by Newton’s or Lagrange's approxi- 
mation methods when the degree is above the third in 
p*. Secondly, only purely imaginary or purely real 
quantities enter into the manipulations involved in 
evaluating integration constants instead of complex 
quantities. As soon as resistance enters into the prob- 
lem, and in actual cases it always does, the work in- 
creases manifold. In practise, however, it is very 
frequently the case that although resistances are 
present, they are very small and cause only a relatively 
slow attenuation. We call such circuits “highly 
oscillatory.” Practically every network used in con- 
nection with radio telephony comes under this head. 
It would seem, therefore, both useful and very logical 
to approach this case from the standpoint of the per- 
turbation problem, and consider the slightly damped 
network as perturbed out of its undamped condition. 
It is the object of this paper to show how, by means of 
expansion in series, this standpoint may be carried out. 
The same idea may be applied to the distributed con- 
stant problem and many others; and it is hoped that 
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part shows how the expansions of the first part may be correlated 
with the Heaviside formula to form the complete approximate 
solution. An example illustrates the application to a simple 
network. 


interest may be stimulated in this general direction. 

If we consider the meshes in our electrica] network 
numbered from 1 to n, and let А,;, Pis Ca be the total 
inductance, resistance, and elastance, respectively, in 
mesh 2, and further let — Nir, — Pik — о; be the total 
inductance, resistance, and elastance, respectively, 
common to meshes? апа k (A,, being the sum of mutual 
and common self inductances), then the system of 
homogeneous differential equations describing the 
natural mode of oscillation of the system, when written 
for the mesh charges, takes the form :? 


ап Z1 + 012 24 +. + Ant, = 0 
аә 21 + Qz Хз +. ‚ + аһ Хь = 0 (1) 
Ani Zi + 042332 +... . Fanni = 0 
| d? d 
with Qik = Nik Go + Pik GT + Oik 
dt dt (2) 


{ 
апа Ty = f 4 k dt 
0 

The use of mesh charges х, instead of mesh currents 2; 
avoids the appearance of integrals in the system (1) 
and also brings out a closer analogy between the elec- 
trical system and the equivalent mechanical system in 
which displacements take the place of electrical charges. 
If we assume as solutions to system (1) the normal 
functions: 

Tg = X k e? (3) 
there results the system of simultaneous homogeneous 
algebraic equations: 


bu Xi + 6 Х + . . + 01. Xn = 0 
05; X1.+ 0 Xs +. . + ba, Х. = 0 (4) 
bai Xi + On Хә +... . +6,X, = 0 
where: Dix = bi (р) = Nis P + pa p + ca (5) 


The assumptions (3) will be useful if system (4) leads 


2. See Carson’s “Blectric Cireuit Theory and Operational 
Calculus,” McGraw-Hill, 1926. Our system of equations (1) 
is identical with Carson's system (14), p. 10, with the substitution: 


T A Я -— 
i 2 , allowing for differences of notation, of course. 


Our following equations (4) and (6) correspond in the same way 
to Carson’s equations (15) and (16), pp. 10 and 11 


ik = 
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to non-trivial solutions for the amplitudes X,. This 
will be the case if the determinant of the system 
vanishes, 3. e., if: 


bn e e è © е Din 
Бий, шый е bann 


For the solution to be unique it is further necessary . 


that D have the rank n — 1, t.e., that at least one of its 
first minors shall not vanish. Equation (6) is in 
compact form the determinantal equation of the oscil- 
latory system. Since each element is in general a 
polynomial of the second degree in p, D will be a 
polynomial of the 2 nth degree in p, and according to 
the fundamental law of algebra (6) can be satisfied 
in 2” ways. Hence 2n solutions (3) exist with 2% 
arbitrary amplitudes X, to satisfy the 27 initial 
charges and currents in the given electrical system. 

Consistent with our major premise, we proceed to 
expand (6) in powers of p;, by Taylor's theorem. We 
have:* 


D (p) = [ро |. 


Pik =0 


dD (p) 
өүү Daet ® 


But с to the rule for differentiating deter- 
minants:' 


ор  oD(p ob. р (y) Ò bis 
Ò Pik 7 Ob Ò Pik БАР Ò Pik 
= By (p). p (8) 


where В;, (p) is the minor of b;, in (6). Since D (p) is 
a whole rational function in р;ь, the expansion (7) 
will contain a finite number of terms. From (8) it is 
evident* that successive terms will rapidly become 
smaller if p; < < р. We will assume this and 
consequently neglect all powers of the p;, 's above the 
first. If now we adopt the notation: 


[ро i. = D* (p) s 


and =| Bu (9) i” = But (p) 


our determinantal equation (6) becomes: 


D (p) = D* (p) +p S» Ва" (р).ра=0 (10 
1 


3. See Wood's ‘‘Advanced Calculus,” Ginn & Co., 1926, 
p. 49, equation (1), or any similar text covering Taylor’s theorem. 

4. See, for example, R. F. Scott’s ‘‘Theory of Determinants,” 
Cambridge University Press, 1880, p. 35. 

5. This will be clear if we note that В;к1з two powers lower 
in p than D. Hence the second term of (7) divided by the first 
will be of the order: pik/p. 


* 


A first approximation to the roots of (10) is given by: 
D* (p) = 0 (11) 

which is the determinantal equation for neglected 
attenuation. As already pointed out, it contains only 
even powers of p, the roots for p? being negative real, 


and hence those for p purely imaginary. Let the roots 
of (11) be given by: 


p = p* | (12) 


According to the Newtonian method* we then put. 


for the roots of D (p): 
р = р* + (13) 


and substitute this value into D* (p) of equation (10). 


For the second term in (10) it is sufficient to substitute 
(12). We then have: 


+ 5) + p* У, Ba* (p*) ръ=0 (М) 
1 


Expanding the first term in a Taylor’s series about 
p = p* we get: 


D (p) = D* (p* 


ә D* 
D* (p* 4-8) — р* (р® + (55 ) cd + ‚2... (15) 


Now if we note that 


D* (р = Ca P” + С„—,юр"”?+...-+ Со 
n С, (р* + ô)” + Cn- (p* +8) +... +С, 
and (p* + ô)" 


А п 6 n(n—1)/ 6 : 
we see that terms of (15) above the first degree in 6 


may be neglected if: 


"—1 ô 
2 p* 


« «1 (16) 


which is the criterion for a “highly oscillatory" network 
in the sense in which that term is used in this paper. 
Substituting (15) into (14) and noting that: 


D* (p*) T 0, 
and also that 
E B NA d D* d bu ] 
ор рк. зе Ò bj, Op p= p* 
= D2 da p* Ba* (p*) (17) 


1 
we get б > 2 A; В,,* p*) 4- M» Pik By,* (p*) = 0 


6. See, for example, Woods & Bailey, ‘‘A Course in Mathe- 
matices,” Ginn & Co., 1907, p. 114. The method is there shown 
applied to the solution of numerical equations, but the general 
idea involved is the same as that used in this paper. 
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M pix Bir* (p*) 
ord = - 4 (18) 
S a2 aBa" (p*) 
1 
From the form of (18) it is clear that 6 will 


always be real, and hence represents the damping 
factor associated with the frequency given by p*. 
The complete complex “natural angular velocity” 
so-called, is given by (13). The form of (18) is in itself 
interesting. The damping factors appear as the 
negative quotient of the averaged mesh resistances 
weighted by the unperturbed minors, and double the 
mesh inductances averaged in the same way. The 
dimension of ô and its similarity to that for the simple 
R, L, C cireuit are evident. The latter may serve as a 
simple illustration of our result. Here, 


1 
D(p = 0 (р) = гр + Ер+ с = 0. 


РЕ ate, 
C j VLC 
The B,,* are unity in this case and we have, 
R 
ô = – 2L: 
and hence, p = — NE: 4j ——. 
2L VLC 


The exact root differs from this only in that the damped 
angular frequency, 
: 1 Е? 
“INTC 4D 
appears in place of the undamped. 

Although equation (18) is applicable more directly 

to the mathematical representation of the network 
itself, the same idea can be carried out on the deter- 
minantal equation in its polynomial form. If we 
have given: 
D (р) = Aap? + An- p! + . . +A, = 0 (19) 
it ean easily be shown that the corresponding deter- 
minantal equation for the undamped case is approxi- 
mately? given by simply striking the second, fourth, 
etc., terms, 2. e., that: 


D* (p) = An p” + A,» p^? +. . . + А, = 0. (20) 
Then if we let, | ' 
G (р) = А,-:р! + An pP tH... БАр (21) 
it will be seen that | G (p) | = 0, 
pik =0 


7. For the preceding simple example this happens to be 
exact; but in general the resistance terms will contribute a small 
ashre to the coefficients of even powers of p. 
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and hence that (21) can take the place of the double 
sum in (7). Applying the Newtonian method as 
before we find: 


G (p*) 
o D* ) 
( Op /p=p 
To illustrate the application of (22), let us consider the 
numerical quartic: 
D (p) = pt + 50 рз + 8.91 x 105 p? + 2.08 - 10’ р 
+ 1.601:10, = 0 


ô = – (22) 


Неге D* (р) = pt + 8.91105 р? + 1.601-10" = 0 
апа p* = +} 800 апа +7 500. 
For the first of these: 
ð D* 
С (р*) = Fj 9.36:10°; ( > ) = F j 6.28 -10* 
P / p =p* 
and hence ô = — 15. 


For the second: 


| эр» 
G (p*) = + 33.90 10°; ( B ) 


and hence б = — 10. 


= +7 3.90°10, 


? =} 


The final roots are: 
— 10 +7 500 and — 15 +7 500 


which are exactly the ones used in making up the above 
equation, the differences due to the approximate method 
of solution not being noticeable on the slide rule used 
in the calculation. 

It frequently happens that due to the absence of 
independent inductance or elastance in one of the 
meshes, the determinantal equation comes out to be 
of an odd degree. The number of natural angular 
frequencies contained in the system in that case will be 


"»—1 
2 


root will be purely real. The fact that it possesses a 
normal coordinate? as well as the rest of the frequencies 
but vanishes for vanishing resistances, seems to indicate 
physically that in the latter case a regrouping of the 
meshes can be carried out so as to reduce their number 
by one—there being always as many normal coordinates 
as there are meshes, (physical dimensions in the equiva- 
lent mechanical system). It would seem as though 
for this real root our method would fail, since its 
imaginary part is zero. However, it can be shown that 
so long as this real root is within the same order of 
magnitude as the real portions of the rest of the roots, 
the method still holds with fair accuracy. Let us 
suppose we have an equation of even degree given by: 


D (p) = 0; 


8. See paper by the writer entitled ‘‘Making Normal Co- 
ordinates Coincide with the Meshes of an Electrical Network,” 
Proceedings of the I. R. E., Nov. 1927, p. 935. 


'The odd 


where 7 is the degree of the equation. 
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and we introduce an extra real root p = — a. Then 


the equation of odd degree becomes: | 
Do (p) = (p + a) D (p) = 0. (23) 
The equation for neglected resistance would then be: 
Do* (р) = p D* (p) = 0, 
which contains the zero root mentioned above. Hence, 
substituting p = 0 + 6 into (23) and expanding we get: 


1 oD 
D, (8) = De (0) +7 ( 33 - Е op ser 
D, (0) 
and 77 (еру 
Op /p=0 
But: D, (0) = a D (0), 
o Р, oD 
and er NE a( 55), „t20, 
D (0 
so that: ô = — = 2 , 
D (0 —— 
( )*e( F Ja 


from which it is dicar that the method still ewes satis- 
factory results if: 


(55) 
d OD /,-o 


or by using the notation of equation (19), if: 


« « D (0); 


Qo 


a<< 

Qi 
In our numerical example above, this means that an 
additional real root (p + а) may be introduced and 
re-evaluated by formula (22) with good results as long as 


1.601-10" 
æ< < 720810 


which condition is easily fulfilled if œ is not much 
larger than the real portions of the other roots. Note 
that for the evaluation of this real root equation (22) 
simply becomes equal to the negative quotient of the 
last two coefficients of the odd powered determinantal 
equation in the form of (19). After this odd root has 
thus been determined, it is best to divide it out and 
then treat the remainder as in the case where D (p) 
is of even degree. To illustrate let us take our pre- 
vious numerical example, and introduce the root 
p = — 100. It then becomes: 
D (р) = р + 150 pt + 8.96:105 р? + 1.094 10° p? 
+ 1.62-10" p + 1.601°10" = 0. 

Here: D* (р) = pë + 8.96:105 рз + 1.62-10" р, 
and С (p) = 150 pt + 1.094-10: р? + 1.601-10”. 
By applying (22) for p* = 0 we get: 

1.601-10! 


б = — qe 7-995 


= 7890, 
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which is the root correct to within 0.2 per cent. 

Our next step is to show how nicely the above method 
of arriving at the approximate complex roots fits in 
with an approximate determination of the transient 
current amplitudes by means of Heaviside’s well-known 
expansion formula. The latter may be put into the 

Bir TE em 


form:? 
=E an 
E Op >), = ри* 


when written for the current in mesh ? due to a suddenly 
applied direct voltage E in mesh Ё or vice versa. 
D (p) is the determinant given by (6), and В; the 
respective minor of this determinant. The summa- 
tion is to extend over all the roots of the determinantal 
equation: 


(24) 


D (p) = 0. 


For the case of slight damping, however, the solution 
is given approximately by: 
Bix* Bir* (p,*) є" e?" 
=E Sap ET 
( Op Гә рж 
But the denominators in this sum are already known 
from equation (17), so that we merely have to substi- 
tute these same values into (25) in order to get the 
complete solution. The approximate solution to the 
determinantal equation dovetails nicely with the 
process of evaluation of the transient current ampli- 
tudes. Substituting (17) into (25), we can write for 
Heaviside’s ри formula in approximate form: 
* *\ £D 
ta = E ju a (26) 
p,* > ^a В;ь* (p,*) 
1 


If the determinantal equation (6) has no zero root, it 
means that the mesh in which the e. m. f. is impressed 
contains a condenser so that the steady state becomes 


(25) 


9. It will be seen with a little investigation that our: 


р (р) 
В (р) 


where 7 (р) is the transient impedance as usually defined in 
connection with Heaviside’s expansion formula. Now: 
d D 


B 4D _ „2B | Коз 
С Р pep 
Pp» ICE 


dp d p 
TZ»). 
p Vv 


= p Z (p) 


d D | 
е ie | Bap =? ap 


[ж t]zn (95 


zv 
Comparing with the usual form of Heaviside's formula, the form 
(24) will be seen to be identieal with it. For additional infor- 
mation on this point, see '*Notes on Operational Caleulus," by 
V. Bush, obtainable from the Electrical Engineering Dept. of the 
Massachusetts Institute of Technology, Cambridge, Mass. 
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zero. Since the terms in (26) are conjugate pairs, the 
current will be twice the real portion, or: 


" В.,* (p,*) є“ 
ta = Е У CLE 
1,3,5, | p,” | > М Bir" (p,*) 
1 


sin | p,* I t| (27) 


In order to illustrate the entire process of solution 
outlined in this paper, let us consider a simple network 
consisting of two inductively coupled meshes with a 


suddenly applied constant potential of E volts in the 


first,—the circuit constants being given by: 
Ain = 0.3 henries; №, = — .1 henries; №, = 0.2 henries. 
pu = 5 ohms; pie = 0; Po. = 5 ohms. 


011 = 106 darafs; 01» = 0; 959 = 10® darafs. 
Then, 

.8 р? + 108 — 1p’ 
D* (р) = 

— l p .2 + 10% 


= pi 6.0410 p? + 2-105 = 0. 


From which pi;* = + j 2.45°10*; p,,* = + 7 1.87°10*. 


We then find 
Bii*(pi,2*) = — 2105; Bi;*(p15*) = — 6°10"; B22* (pis*) 
= — 1.79°108. 
and В\,* (p34*) = 9.9310; Bi2* (p3,4*) 
= — 8.5105; Boo* (p,,*) = — 5:10*. 


From which У,“ Pik Bir” (p1,2*) = — 9.95-105; 
1 


У Pik В* (рз 4*) = 4.965-108, 


1 
and M 2 Nu В;ь* (pis*) 
1 


n 


Уг 2 Nik By,* (D3,4*) = 5,97 `10'. 
1 
and substituting into (18) we have: 


= — 5.96°10'; 


9.95-108 

бы = — $9610 ~~ 16.7 
4.96°10 

à = — 97107 = — 598 


Then substituting into (27) we get for the current in 
mesh one: 
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$1 = E (2.74 "10-5 e-19?* sin 24500 t 
+ 1.78107? e7***' sin 1870 0). 
The current in mesh two is found from this by simply 


12* (P1,2*) 
multiplying the first term by I 
1,2 


2* (рз.4*) 
and the second by v. (pa) 
We find 4, = Е (8.22-10— e—'67' sin 24500 t 


— 6.28:10—% e~%:33t sin 1870 t). 
It is quite apparent that the saving in tedious manipula- 
tion over the usual method is considerable. 


Discussion 


V. Bush: Unfortunately, every time we try to apply 
Heaviside’s. expansion theorem to any network of moderate 
complication we run into insurmountable difficulties in computa- 
tion. Those appear specifically in an equation of a higher order 
which we must solve for the roots. Dr. Guillemin has shown us 
how in general, in any case where the dissipation is small, we can 
arrive at those roots and at a form of the expansion theorem 


‘which is sufficiently accurate by methods which are much 


shorter than the complete methods. The object is the exposition 
of modified forms of treatment for oscillatory cases of low 
damping. 

E. A. Guillemin: There is an additional point in connection 
with the approximate method of solution, which was not men- 
tioned explicitly in the paper, but which may be of interest to 


. those who wish to apply it to specific problems. 


Two methods of attack for the evaluation of the complex roots 
were presented: The first was based upon the determinantal 
equation in its determinant form (Equation 6), and the second, 
upon the determinantal equation in its polynominal form 
(Equation 19). The correlation of this process of evaluation of 
roots with the Heaviside formula (Equation 28), however, was 
earried through only on the determinant basis, and brought into 
the explieit form given by Equation 27. "The same correlation 
may, of eourse, be earried through in conneetion with the 
determinantal equation in its polynomial form, as follows: 

* 


ор 
Equation 22 may be solved for ( Ор 


)» = p* and the ге- 


sult substituted in Equation 25. Grouping pairs of conjugate 
terms, the final result is: 


n 
in = -2E У 


1,3,5 
On applying this form it should be noted that G (p*,) is a purely 
imaginary quantity and of the form + ј times an absolute 
magnitude which may be numerically positive or negative in 
itself. It is this numerical quantity (with proper sign) which is 
to be substituted in the above formula. 


6, Bi,* (p*y) . є? 


1 »* е 
Cou, mm 


The Boltzmann-Hopkinson Principle 


of Superposition as Applied to Dielectrics 
BY F. D. MURNAGHAN: 


Non-member 


Synopsis.—The principle of superposition, discussed first for 
dielectrics by Hopkinson, has been shown for a long time in experi- 
ment. However, its validity for the several theories which have been 
advanced for dielectric behavior has been shown 1n only a few cases. 
One of the exceptions is the important theory of Mazwell? This 


F we have a plane layer dielectric with » layers and 
denote the thickness of the rth layer by a,, its specific 
inductive capacity by K,, and its specific resistance 

by r, then the common current density u in each layer 
is given by 
u = (D +b) f: (1) 

when D denotes time differentiation,’ f, stands for the 
displacement in the rth layer, and b, is an abbreviation 
for the ratio 4 7/K,7, Furthermore, the displacements 
f are connected with the applied e.m.f. E by the 
equation 

Ofitofet...+taf,=E (2) 
where a, is an abbreviation for the ratio 4 7 a,/K,. 
These equations lead to a linear differential equation of 
order n — 1 for each of the displacements f, the equation 
satisfied by f,, being 


[ Q1 | Qe 
Qn E 


it being understood, however, that this is merely a con- 
venient way of writing the differential equation which 
results when both sides are cleared of fractions by multi- 
plying through by the product of all the denominators 
(D + 6,). The dielectric being supposed initially 
uncharged we have to find solutions of (3), consistent 
with (1), which have all the same value E(0)/o, 
+... +a,)whent = 0. | 

The differential equation (3) has on the left hand side 
a differential expression F (D) of order n — 1, the 
coefficient of the highest order derivative D*— being 
(а + а +... 4- аһ), and we shall denote this 
coefficient by A, for convenience. The right hand side 


1. Johns Hopkins University. 

2. See Maxwell’s Theory of the Layer Dielectric, F. D. 
Murnaghan, Trans. A. I. E. E., Vol. XLVI, 1927, p. 259. 

3. The symbol D stands for d/d t and is used throughout the 
paper symbolieally as an algebraie quantity. For the use of 
the symbolic operator D + b in the solution of linear differential 
equations with constant coefficients see any standard treatise 
on the subject, for example, Cohen's Differential Equations 
(Heath & Co), p. 96. 

' Presented at the Winter Convention of the A. I. E. E., New 
York, N. Y., Feb. 13-17,1928. 


paper shows that the principle of superposition is a necessary conse- 
quence of Mazwell's theory. It goes somewhat further and shows 


that the principle is valid for any theory which leads to a system of 


linear differential equations with constant coefficients. 
* * Ej * * 


of (3) is the result of differentiating the function E of t in 
the manner indicated by the product of all the (D + b) 
save the single one (D + bj). It will be convenient 
first to consider the auxiliary equation 

F (D) y = Е (t) (4) 
since if we have a solution y of this equation the function 
f. obtained by operating on y by the product of all the 
(D + b) save the single one (D + b,) will satisfy the 
equation (3). In fact since the coefficients in the poly- 
nominal F (D) are constants we may interchange the 
order of the differentiations indicated by F (D) and 
by the product of the factors (D + b). Hence 


F (D). (D+b)(. . .) (D ++ b)y 
| =(D+b)(. . .) (D +b.) . F(D)y 
=(D+b)(. . .) (D + ba) E (0 

We now proceed to find, by a method due to Cauchy, 
that particular solution of the equation (4) which van- 
ishes, together with all its derivatives up to the 
^ — 2nd inclusive when їі = 0. The homogeneous 
equation corresponding to (4), 2. e., 

F(D)z=0 (5) 
being of order n — 1, has n — 1 distinct solutions which 
we may denote by (Zi, 22, . . . 2,-i), and the general 
solution of (5) is, in accordance with the theory of 
linear differential equations, a combination, with con- 
stant coefficients, of these n distinct solutions. Thus 
the general solution of (5) may be written in the form 

2 = Cizi + Cotzet. 2 . + Casi (6) 
The constants C are entirely arbitrary and we choose 
them so that the function z of t defined by (6) vanishes 
together with its derivatives up to the n — 3rd inclusive 
when / = т; the n — 2nd derivative, on the contrary, 
assuming the value E (т)/А. The prescribing of the 
values of z and its derivatives up to the n — 2nd, in- 
clusive, in this way for a particular value т of t gives 
us exactly n — 1 linear equations for the determination 
of the values of the constants C which occur in (6). 
These constants will depend on the particular value 7 of 
{ chosen to enable us to. determine them by means of 
the conditions stated and they will, in addition, be 
proportional to Ё (т) since the right hand members of 
the » — 1 linear equations for the C's are all zero save 
one which is precisely E (т)/А. We shall indicate 
these facts by writing z of (6) in the form 
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2 = E (T)»v (t, т) (7) 
The fact that the coefficients in the differential operator 
F (D) of (5) are constants tells us further that the 
function v of the two arguments t and т does not really 
involve them separately but is rather a function of their 
difference (£ — т). In fact the functions z, ete., are 
exponential functions of the time and these exponential 
functions reproduce themselves, multiplied by a con- 
stant factor, when differentiated with respect to the time. 
Hence each C occurs, in the — 1 linear equations which 
serve to determine them, multiplied by the same factor 
e*'', say, in each of the equations. This tells us that 
thev (t, т) of (7) is of the type | 


v(t, T) = Biet? +... + B, e 67? (8) 


where the B’s are pure numbers independent of both 
{ and т. The 6’s are the zeros of the polynominal 
F (D). Wehave found, then, a function 

z—-E(T).wv(t— т) (9) 
which satisfies the homogeneous equation (5) and 
which vanishes together with its derivatives with respect 
to t up to the n — 3rd inclusive when t = т (t. e., when 
the argument ¢— т of the function v is zero); the 
n — 2nd derivative assuming the value E (7)/A when 
the argument of v is zero. We now proceed to show 
that the function y of the single variable t, defined by 
theintegral 


t 
y= f Etr). vt- dr (10) 
0 
is that partieular solution of the equation (4) which 
vanishes together with its time derivatives up to the 
п — 2nd, inclusive, when { = 0; in fact, since the 
variable і occurs in two places—the integrand and 
the upper limit—in the expression for y we have for 
the time derivative of y 


Dy = Е (т). рой ndr +E (t) . v (0) 
0 


The second member on the right hand side vanishes, 
since the function v has been so arranged as to vanish 
when its argument is zero. Proceeding to the second 
time derivative we find in the same way that 


Р? y = f E(x). Dot- T)dT 
б 


and so on up to the n — 1st time derivative, which is 
slightly different; here the second term in the expression 
for the time derivative of the integral does not vanish, 
since the n — 2nd time derivative of v does not vanish 
when the argument of v is zero but has the value 1/A 
then. Wehave, therefore, 


Demy = | Е (т). D3s(t- dr + Е (А 
0 


Upon combining these results and remembering that 
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the coefficient of the highest order derivative, D^-!, in 
F (D)is A, wehave 
Н 


F(D)y = f E (r). F D)vt- rdr +E W 
0 


The first member of the expression on the right vanishes 
since the function v of t is a solution of the homogeneous 
equation (5), 1. e., F (D) v (t— т) = 0 for all values of 
the argument (£— т). This shows that y, as defined 
by (10) is a solution of (4), and since all the derivatives 
up to the n — 2nd, inclusive, are expressed as integrals, 
the range of integration being from zero to t, all of these 
derivatives and the function y itself vanish when t = 0. 

The various displacements f, are now obtained from 
the auxiliary function y by operating on it in turn by 
the product of all the (D + 6)’s but the single one 
(D + b). From the expressions just given for the 


- various time derivatives of y up to the » — 1st we have, 


for example, 
Лл = JE). (D+b)(. . 0 +b) ot- rdr 
0 


+E (t)/A (11) 
showing that the common initial value of all the dis- 
placements is E (0)/A. It will be convenient to intro- 
duce the notation 


hı (t— т) = (D+ bo) (. . .)(D + bn) v(t— т) (12) 
etc., the function h, (t — т) being the result of operating 
on the function v(t— 7) by the product of all the 
(Р + by's but (D + b,). We have, then, the various 
displacements given by the formulas 

{ 
&Á-fEQ Һһ@-т)4т+Е@/А (13) 
0 

The n functions h, all have the same value 1/A when 
the argument (t— т) is zero. The formulas (13) 
become more significant, from a physical point of view, 
if we change their appearance by an integration by 
parts. On introducing the functions o, (t— т) by the 
equations of definition | | 


p(t- т = }һ@-—г4в+1/4 (м) 


so that 
d 
ps Ф. (t— т) = — h, (tL— т) 


we have from (13) 
T = Е (0) Yr @) – Е (2) Yr (0) 


t 
f Sz e0- тат +E (N/A 
T aa " T 


The second term in the expression on theright hand 
cancels the fourth, since when the argument of ¢, is 
zero, the two limits of the integral of (14) coincide so 
that о, (0) = 1/A. Then we have the final definite 
result 
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.=Е(0)00 +) grelt- т) йт (15) 
0 


This equation gives a physical interpretation to the 
functions e; for, on writing E (t) = 1 in (15), we see 
that Ф, (t) is the displacement in the rth layer when a 
constant unit е. m. f. is applied at time і = 0 to the 
dielectric supposed uncharged. | 
The result given in (15) is the mathematical ex- 
pression of the Boltzmann-Hopkinson Principle of 
Superposition as applied to the displacements. It is 
evident from its mode that the principle of superposition 
is valid not only for Maxwell’s theory of dielectric 
absorption but for any theory which leads to a system 
of differential equations which are linear and have 
constant coefficients. For example a theory in which 
the current density was connected with the displace- 
ment by a second order equation of the type 
(D? +b, D + c,) f, = u would have the principle of 
superposition as a consequence. | 
Once the displacements have been found the current 
density u follows at once from (1). Writing 
y (t— т) = (D+ b.) e. (t7 т) (16) 
(it is easily verified that the expression on the right 
has the same value for all the layers) we find 
u (t) = E (0) y (0) 
` dE dE 
+f Gaede бе Tr A (17) 
The physical meaning of the function y (t) is evident 
from this formula; it is the current at time / due to a 
constant unit e.m. f. applied to the uncharged di- 
electric at time ¢ = 0. The principle of superposition 
is not valid for the entire current but the first two terms 
of (17) may be found by means of that principal and 
then the complete current follows by adding the dis- 
placement current which is given by the third term. 


We have given elsewhere‘ the expression for the 
function y in terms of the constants of the layer di- 
electric and the formula (17) furnishes a ready method 
for calculating the current due to any type of applied 
e. m. f.. | 


Discussion 

J. B. Whitehead: (by letter) Most electrical engineers 
who are concerned with the behavior of dielectrics and insulation 
are aware that Maxwell’s theory of dielectric absorption or 
residual charge cannot be applied for the predetermination of 
the properties of composite dielectrics and insulation. Yet 
Maxwell's theory is the only rational theory whieh has been 
proposed in this field, and the only one which seems to offer the 
possibility of experimental verification. Furthermore, the 
present indifference on the part of physicists to this important 
and highly interesting phenomenon is explained їп many in- 
stances by their feeling that Maxwell has given a sufficient 
explanation. 

The Committee on Electrical Insulation of the National Re- 
search Council several years ago set for itself the task of reviewing, 


4. A. I. E. E. Journar, February 1927 p. 132. 
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eolleeting, and eoordinating the existing knowledge as to the 
various properties of dielectrics. In considering Maxwell's 
theory it was realized that in several particulars it was incomplete 
as originally presented by the author. Among the most im- 
portant of these was the absence of the complete expression for 
the charging current in the most general ease of n layers, and 
the absence of a formal statement or proof that the Boltzmann- 
Hopkinson principle of superposition was a necessary conse- 
quence of Maxwell’s theory of dielectric absorption. On the 
first of these questions Maxwell contented himself with a general 
statement, and he doubtless was convinced of the certainty 
of the second, because he was intimately acquainted with 
Hopkinson’s work and indeed discussed with him the experi- 
mental evidence of the presence of the principle of superposition 
in Hopkinson’s experiments on dielectrics. Responding to 
questions on the mathematical aspects of these problems, Dr. 
Murnaghan was kind enough to become deeply interested in 
them and has given us his paper! of last year, clearing up the 
first of the problems mentioned above. He now presents a 
second paper analyzing the relationship of superposition and 
Maxwell’s theory of dielectric absorption. As will be clear in 
the concluding paragraphs of the paper, it is shown that the 
prineiple of superposition is valid for the displacements in a 
layer dielectric, but not for the total current. The final term 
in Equation 17, indicating the important addition, might be 


. ealled the variation of the average geometrical displacement. 


Whatever may be said as to the difficulties encountered in 
an effort to apply Maxwell’s theory, Dr. Murnaghan’s two 
papers constitute important commentaries on the theory, and 
will be of great assistance to all students in rounding out the 
picture conceived by Maxwell. 

V. Bush: I have found it difficult indeed to get at the point 
of this paper, and hence I should like to give my interpretation 
of it in engineering language. 

In applying the Boltzmann-Hopkinson extension theorem, 
or the superposition principle, we are passing from the 4-е. 
transient of a network to the a-c. transient, or, more generally, 
we are passing from the response to a unit e. m.f. to the response 
to any applied voltage whatever. This can be done whenever 
the network is linear, that is, where the effect of two volts is 
exactly twice the effect of one volt. If we cannot thus superpose 
results we cannot use the superposition principle, and the reverse 
is also true. Now, as far as this is concerned with dielectrics 
it doesn’t lead us very far, because in the most interesting cases 
results do not add simply. If we assume Maxwell’s theory of 
dielectrics, they do; but unfortunately practical dielectrics do 
not work that way. I see, however, in Dr. Murnaghan’s paper 
a matter of more general interest than this and which I do not 
think he brought out so that it is immediately apparent. There 
is difficulty in applying the superposition principle even in 
certain linear circuits. Sometimes the response to a unit applied 
ө. m. f. is impulsive. If we suddenly apply a unit e. m. f. toa 
simple condenser the current is impulsive; that is, it is mathe- 
matically infinite and lasts for an infinitesimal time. In such a 
ease it is difficult to apply the principle and we require some 
further treatment. Such networks are of course only mathe- 
matical fictions, as there is always in practical cases some series 
resistance present in the circuit or the source. Wherever such 
difficulties are encountered we can use the last equation in 
Dr. Murnaghan’s paper and arrive at a result. An engineering 
way of doing the same thing is to insert a small series resistance 
to make the circuit behave normally. That will always avoid 
impulsive response. 


But if we wish to treat the simpler cireuit, and without thus 
avoiding the discontinuity, we can do it in the way there sug- 
gested, which in brief is this: We apply the superposition 
principle using the response to the unit e.m.f. ignoring the 


1, Maxwell's Theory of the Layer Dielectrics, Е. D. Murnaghan, 
Trans. A. I. E. E., Vol. XLVI, 1927, p. 259. 
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sudden impulse, and then we add on another term which takes 
account of the effect of the impulsive part. 

The superposition principle has been often treated in In- 
stitute papers, and the mathematical use of it is extensive. 
I should like to refer to the 1926 paper of Vladimir Karapetoff, 
and of J. B. Whitehead, and particularly to the discussion of 
those papers by Joseph Slepian; and I should like more especially 
to refer to the work of J. R. Carson in a number of papers where 
he has treated this matter in condiderable detail. Carson’s 
proofs and modified forms furnish, in my opinion, an excellent 
and complete guide to its validity and use. | 

Е R. LeGhait: One reason why the subject treated by 
Mr. Murnaghan is of a great practical interest is because the 
equation expressing the principle of superposition offers a ready 
means for finding the relationship between the absorption and 
the a-c. Josses of a dielectric. 


For instance if in Equation 17 of Mr. Murnaghan’s paper, 


the memory function y (t) has been determined by absorption © 


measurements and if one expresses that Ё is an alternating 
electromotive force of a certain frequency one is able to deduce 
therefrom the losses and dielectric power factor at that fre- 
quency. One sees at the same time the influence of the nature 
of the memory function on the shape of the power-factor fre- 
quency curve and one grasps very clearly the fact that absorption 
and а-с. losses are nothing but two different aspects of the same 
underlying phenomenon. 

Moreover the following fact is put in evidence, namely that 
for any dielectric following the principle of superposition the 
a-c. losses vary as the square of the voltage. This means that 
for such a dielectric the power factor is independent of voltage. 

In practise the power factor has been found to remain constant 
with voltage for all substances for which the principle of super- 
position was found to hold and in general for most solid dielec- 
tries, at least when the conditions of test are such that no 
secondary phenomena are involved. 

In the case of non-impregnated paper we were able to check 
experimentally the relationship between absorption and a-c. 
losses derived theoretieally from the expression of the principle 
of superposition. "This was found possible provided the memory 
function y (i) is well determined experimentally for the values of 
{ that are of the order of magnitude of the duration of a cycle of 
the alternating current for which the losses are measured. 

For eomplete dieleetries like oil-impregnated paper the con- 
ditions are very different. It is well known that the anomalous 
absorption current in liquid dielectrics does not follow the 
principle of superposition. In correlation with this the power 
faetor of oil-impregnated paper even, and especially at very low 
stresses, does not remain constant with voltage. It varies 
widely on the contrary and its variations are markedly affected 
by frequency and temperatures. 

In this case we have not at our disposal the so convenient 
expression of the principle of superposition and it is very difficult 
to find a relation between absorption and a-c. losses. This has 
however been done to some extent qualitatively at least. More- 
over the cause of the variations of power factor with voltages 
has been traced back to the fact that the anomalous currents in 
the minute particles of oil present in the insulation do not follow 
the principle of superposition. 

We believe that a close study of the phenomena presented 
by composite dielectrics that are in contradiction with the 
principle of superposition is capable of throwing new light on the 
mechanism of losses in that type of insulation and of determining 
the part played in their formation by the different elements enter- 
ing in its constitution. 

М. G. Malti: Since no physical statement of the Boltzmann- 
Hopkinson principle of superposition is given in Dr. Murnaghan’s 
paper, I should like to supply a statement of this principle and 
then show that it holds true within a very limited range of potential. 

Let three condensers A, B, and C, be identical in every respect 
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as to the thickness and material of dielectric, as well аз to the 
area and material of plates. Let continuous potentials Ea, Eb, 
and Е, be applied to condensers A, B, and C respectively such 
that Ea = Ey + Е, and let the charges Qa, Qo, and Q., acquired 
by these condensers, be determined as defined by the writer.’ 
The principle of superposition states that, under these conditions, 
Qa = Qb + Q.. | 

This principle assumes a linear relation between Q and Ё as 
shown by (a) in Fig. 1 herewith. Asa matter of fact the relation 
is linear only up to a certain value E, of the applied potential. 
For values higher than £, the relation follows the curve b.? 

While Dr. Murnaghan’s paper is a fine piece of mathematical 
work its utility is limited to potentials lying within the initial 
potential range о — E, because the principle of superposition 
fails beyond this range. 

Joseph Slepian: It has always seemed to me that undue 
prominence has been given to the Maxwell multi-layer theory of 
dielectrics. It is true that a dielectric built up of layers, as 
Maxwell postulates, will show the phenomenon of absorption 
and that by using enough layers an absorption curve may be 
obtained which will approach as near as is desired to actual 
observed absorption curves. But it does not follow that if a 
dielectric shows an absorption curve it must be built of layers. 


0 Ea E 
Fic. 1— RELATION BETWEEN CHARGE AND VOLTAGE IN SOLID 
DIELECTRICS : 


The situation is something like this: Given a box with a pair of 
terminals which when measured from the terminals acts as if it 
eontained a resistor whether the measurements are made with 
eontinuous eurrent, or with transients of the most varied sort. 
Can we then conclude that there is a resistor in the box? Clearly 
not. Networks can be set up in many ways which will perfectly 
imitate a resistor if measurements are eonfined to the terminals, 
as for example, in Figs. 2 and 3 shown herewith. So far as the 
terminals go these two cireuits aet exaetly like ohmie resistors. 


2. Зее Eq. (9) in A Theory of Imperfect Solid Dielectrics, by M. G. Malti, 
Trans. А. Т. E. E., Vol. XLVI, 1927, p. 616 

3. Ibid, bibliography Nos. 54-21, 109-21, 107-24 and the following: 

3/93 “Hysteresis and Viscosity of Mica for Rapid Oscillations,” P. 
Janet. С. R. Vol. 116, p. 373, 1893. J de Phys. З, 2, p. 337, 1893. 

34/95 "On the Question of Dielectric Hysteresis,” A. W. Potter and D. K. 
Morris. Proc. Roy. Soc. 57, p. 469, 1895. 

35/95 "Energy Loss in Dielectrics,” P. Granier, Electrician 36, p. 7. 1895. 

18/97 “Conversion of Electrical Energy in Dielectrics,” R. Threlfall. 
Phys. Rev. 4, p. 457 and 5 p. 21, 65, 1897. 

52/04 and 53/04 ''Solid Dielectrics," V. Crémieu and L. Malcles C. R. 
139, p. 790 and 969, 1904. 

60/11 "Measurement of Losses in Fibrous Dielectrics," H. Jordan. 
Elek. Zeits., Vol. 32, p. 127, 1911. 

8/14 'Passage of Electricity through Paraffin,” G. G. deVillemontée, 
C. R. 158, pp. 1414, and 1571, 1914. 

102/21 ‘‘Viscosity of Dielectrics,” J. Granier, Rev. Gen. de Elec. Vol. 10, 
p. 219, 1921. 

13/23 “Reversible Inductivity of Rochelle Salt Crystals,” J. G. Frayne, 
Phys. Rev. 21, p. 348, 1923. 
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No amount of mathematical manipulation of the terminal 
quantities is ever going to give exact information as to what is 
inside the box. The obvious thing to do is to get into the box, 
open it up, and examine what is going on there. 

In my discussion of Dr. Murnaghan’s paper of a year ago I 
mentioned, in this connection, the work of the Russian, Joffe, 
who was actually getting into the box, but probing the interior 
of insulation under stress. If we can’t get into the box, then 
the thing to do is to find the conditions where the simple Ohm’s 
Law fails in some way. In the case of the network shown in 
Fig. 2, by going to such voltages that the condenser breaks 
down something will be learned of the network structure. In 


Fic. 2 


the case of the transmission line Fig. 3, the current might be 
raised until the resistor burned out, and then by examining the 
characteristics of what was left something might be learned. 
To obtain real information about dielectrics, we must go beyond 
the Boltzmann-Hopkinson principle, out of the range where it 
applies. 

Professor Murnaghan recognizes this situation and brings it 
out in the last part of the abstract which to my mind is the most 
important result of his paper. He says it goes somewhat further 
and shows that the principle is valid for any theory which leads to 
asystem of linear differential equations with constant coefficients. 

This overthrows any peculiarly preeminent place for the 
Maxwell Theory. 

Let me now raise the question—over what range is the Boltz- 
mann-Hopkinson principle valid? In almost any physical 
system, if small enough values of the variables are considered, 
as small velocities or small forces, we find that the system is 
described by means of linear differential equations. Hence the 
Boltzmann-Hopkinson principle or an equivalent principle 
should apply to almost any physical system if only the variables 
are kept small enough. Since this is true of almost every physical 
system, we say no more about a dielectric when we say that it 
satisfies the Boltzmann-Hopkinson principle for small values of 
electric forces, than if we say that it satisfies the law of conserva- 
tion of energy. | 

Now, over what range does experiment show the superposition 
principle to be true? We do not need to go back very far in our 
own literature to get many eases where the Boltzmann-Hopkin- 
son principle fails. In fact it seems that if any reasonable range 
of voltage gradient is considered, the principle is not valid. 
Curtis, in his very excellent paper of last summer on the ‘‘Con- 
ductivity of Dielectrics” says that below three to four hundred 
volts per em. the conductivity currents in liquid dielectrics are 
proportional to the voltage, but for higher voltages, in some 
eases & saturation eurrent is obtained and in other eases the 
eurrent may inerease more rapidly than in proportion to the 
voltage. Just recently a paper by Toryama has appeared in the 
Archiv fur Elecktrotechnik giving curves for the conductivity 
of transformer oil. These curves of current against voltage are 
eonvex downwards for all voltages from zero to breakdown. 
Of course if we limit ourselves to a small enough portion next 
to the origin, that portion may be regarded as straight, and that, 
I believe, is all there is to the Boltzmann-Hopkinson principle 
applied to dielectries. 
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V. Karapetoff: This discussion sounds somewhat like an 
obituary of the Boltzmann-Hopkinson prineiple, and probably 
even the author will agree that the principle is inadequate, 
and yet like anything else in the progress of science it was neces- 
sary at one time until it has been worn threadbare. We see now 
that any hypothesis that leads to a system of linear differential 
equations with constant coefficients will give similar results, but 
essentially the shortcoming of this principle lies in the fact that 


it tries to build an ultra-mieroseopie structure and behavior of 


dielectrics on the basis of macroscopic images. In other words, 
this is one of those theories which may be called ‘‘bulk theories,” 
that is, trying to account for the ultimate structure of matter by 
using images borrowed from the experience of our senses. 

Seeing that we are now in a transition state to something more 
refined, and even ideational rather than material, I have felt a 
need for a word which would characterize the present outgoing 
theories, and so I have coined the adjective ‘‘macrocosmo- 
morphic.” “Масто” means ''big;'" ''eosmos" means ‘һе 
world;’’ and ‘‘morphic’’ means “‘of the shape of." Thus the word 
means built like the big world. The Boltzmann-Hopkinson 
principle is maeroeosmo-morphie and therefore is destined to 
fall. We know from studies of X-Rays that simple crystalline 
bodies contain atomic lattices. For instance, rock salt contains 
alternate atoms of sodium and of chlorine in a definite arrange- 
ment, and so both the results of a mechanieal stress or of an 
electrical stress applied to a crystal of rock salt must be expressed 
in terms of deformation of lattices and not of fictitious layers. 


- Much of the advanced work done in Europe by Joffe, Rogowski, 


Smekal, and others, is directed toward a study of these lattices. 
Perhaps they are also macrocosmo-morphie, but at any rate a 
little more refined than plain layers. So we shall have to suck 
this new theory dry and then go to something still more refined. 

E. R. LeGhait: In the discussion of the comparative ad- 
vantages of micro and macro structures of dielectrics as bases for 
the explanation of the phenomena, I think it is well to bear in 
mind the wide range covered by the latter. 

These phenomena are caused fundamentally by displacements 
of charges that lag behind the variations of the electromotive 
force. To explain this fact, some theories assume a certain 
viscosity within the atom that impedes the displacement of the 
electrons and causes an actual lag in polarization. Maxwell and 
his followers consider on the contrary that the lag of the dis- 
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placements is not due to a lag in polarization but to the fact that 
it is the voltage distribution inside of the dielectric that lags 
behind the variations of the applied electromotive force. They 
thus look upon the dielectric as a conglomerate of particles 
that separately would possess only the properties of specific 
inductive capacity and conductivity and would not have any 
absorption. Of these two points of view, one based on a micro- 
structure of the dielectric and the other on a macro structure, 
which is to be preferred? 

I do not think it is either possible or desirable that all the 
anomalous phenomena of a given dielectric be explained on the 
basis of the same structure. I think that for the phenomena 
involving a considerably long duration of time, like losses at 
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low frequencies, a macro structure ought to be considered, and 
that for those where very short durations of time are involved 
like losses at high frequencies, it is a micro structure that is the 
most suitable. 

I believe that when one studies the anomalous properties of 
insulation and in particular the dielectric losses of impregnated 
paper at commercial frequencies, one finds great experimental 
evidence in favor of Maxwell’s theory, or at least in favor of the 
idea at the basis of that theory, which is that the phenomena are 
due to the presence in the dielectric of materials of different 
specific inductive capacities and conductivities. 

The observed variations of dielectric power factor of such 
insulation with frequency and temperature as well as absorption 
measurements point out in favor of the opinion that these effects 
are due to extra-molecular currents inside of the dielectric in 
accordance with the Maxwell theory. 

Dr. Slepian expressed the opinion that the study of the 
anomalous effects was incapable of giving any indication on 
their ultimate cause and deplored the impossibility of opening 
up the dielectric and seeing what was inside of it. In connection 
with this it is interesting to make tests on paper while it is being 
dried out. Such tests show very clearly the influence of the 
presence of particles of a material of high conductivity (moisture 
in this case, imbedded in the dielectric) on its anomalous prop- 
erties, and are a further confirmation of the value of the Maxwell 
theory. 

However, I think that this theory as well as any assumed struc- 
ture of the dielectric in accordance with it ought to be considered 
as merely explaining the anomalous properties within a certain 
range with a sufficient degree of approximation. In view of this, 
I think that one ought not to consider the heterogeneous dielec- 
tric as a conglomerate of particles of different materials that 
separately would only possess the properties of specific inductive 
capacity and conductivity with the exclusion of any kind of 
anomalous property. Let us remember that a perfect dielectric 
having only the property of specific inductive capacity can be 
looked upon as composed of atoms inside of which electric 
charges may be displaced, imbedded in a medium of infinitely 
high resistivity, the inter-atomic spaces. Such a dielectric can be 
considered as the limit case of a dielectric that would show only 
anomalous properties involving infinitely high and infinitely low 
time constants. | 
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I think that instead of considering the composing materials of 
a heterogeneous dielectric as not having any kind of anomalous 
property one should merely consider them as not capable of 
showing alone any anomalous phenomena involving time con- 
stants of the same order of magnitude as those entering in the 
phenomena caused by their juxtaposition in the dielectric. 

F. D. Murnaghan: There seems to be an impression in the 
minds of some readers that my paper is an advocate’s brief 
pleading for a favorable view of Maxwell’s Theory of Dielectric 
Absorption, but this impression is not correct. Professor 
Whitehead wished to give the theory a clear test and in order to 
do so found it necessary to complete in some points the mathe- 
matical argument and this was solely what I intended to do. 
Dr. Slepian’s quotation from Professor Wilson’s paper is, there- 
fore, quite 4 propos; my paper is intentionally vacuous of physics 
and those who watch with interest the ever shifting sands of 
physical speculation may therefore justly charge me with trying 
to give my paper a permanent rather than a temporary value. 

In the interest of frank discussion I must disagree with Pro- 
fessor Bush's comment that ‘‘Carson’s proofs and modified 
forms furnish an excellent and complete guide to its (7. e., the 
superposition principle) validity and use." When I first became 
interested in the present question I had access to Carson’s 
interesting papers but found that my rather unintelligent use 
of his results led me into deep and troubled waters. What was 
the trouble? Carson was dealing with solutions of certain linear 
differential equations so that, in the first place, his work had to do 
not with the current but with the displacement in the various 
layers of the layer dielectric. In the second place a differential 
equation, by itself, is not a well set problem; one must know the 
initial conditions or values of the unknowns and their derivatives. 
The initial values of the displacements in our problem are not 
zero and I presume that Carson had in mind only the case when 
the initial values of the unknowns аге zero. Ве that as it may, 
his formulas do not apply to the present case which was the 
statement and proof of the superposition principle for the 
current. I feel it necessary to make these remarks as it would 
otherwise seem that I was thrashing very old straw indeed. The 
fact is that, in my opinion, even the men in high places quote 
incorrectly the superposition principle; to be explicit I have not 
seen my formula (17) in the literature although I have seen others 
which, if I read them aright, are incorrect. 
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Synopsis.—This paper discusses the interconnection between 
three of the leading power supply companies in the eastern part 
of the country, the Philadelphia Electric Co., the Pennsylvania 
Power & Light Co., and the Public Service Electric & Gas Co. It 
oullines the physical aspects of the tie-in between the companies 


which is a 280-kv. ring of high-load capacity, triangular in shape | 


with sides respectively 49 mi., 82 mi., and 77 mt. long. The 


S a sound basis for developing the relation between 
the Conowingo project and the three-party 
interconnection agreement recently completed 

between The Philadelphia Electric Co., the Pennsyl- 
vania Power & Light Co., and the Public Service Elec- 
tric & Gas Co., it seems advisable to begin by restating 
briefly the more important features of the Conowingo 
project. However, it is not the intention to duplicate 
in this paper the excellent work which has been done 
by many writers in presenting detailed information on 
all phases of the preliminary investigation, design, 
construction, and proposed operation of the Conowingo 
project. 
CONOWINGO PROJECT—GENERAL 


The total drainage area of the Susquehanna River 
basin, as indicated in Fig. 1 is 27,400 sq. mi. divided 
as follows: 

In Pennsylvania, 21,060 sq. mi. (77 per cent of the 
drainage area and 47 per cent of the area of the 
State) 

In New York, 6080 sq. mi. (22 per cent of the drainage 
area and 13 per cent of the area of the State) 

In Maryland, 260 sq. mi. (1 per cent of the drainage area 
and 2 per cent of the area of the State) 

The boundaries of the drainage area in Pennsylvania 
are quite familiar to most persons, but the extension of 
the watershed in New York, northward almost to 
Utica, and eastward to about 40 mi. from the Hudson 
River near Albany, is probably less well known. 

The Conowingo dam, on account of its location a few 
miles above tide water, intercepts the run-off from 
practically this entire area. United States Weather 
Bureau records over a long period of years indicate the 
precipitation to vary from 31.4 to 44.3 in. per year, 
averaging 39.4 in. 

In making preliminary studies on the economic 
desirability of proceeding with the project, a long series 
of river-flow records was required. Since such records 
were available for Harrisburg, and the added drainage 
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advantages of the interconnection are enumerated as well as some 
of the operating problems. | 
Preliminary to the discussion of the interconnection the paper 
discusses the Conowingo hydroelectric project, an important 
factor in the interconnection scheme. The plant has an initial. 
installation of 280,000 kv-a. in generators. 
* * 
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area between Harrisburg and Conowingo is almost 
exactly 12.5 per cent of that above Harrisburg, it has 
been assumed throughout that the flows at Conowingo 
are 12.5 per cent greater than at Harrisburg. Accord- 
ing to the flow records from 1891 to 1926, the average 
annual discharge at Harrisburg varied from 21,600 sec. 
ft., (a run-off of 12.2 in. over the drainage area), to 


Ес. 1—SusQquEHANNA RIVER DRAINAGE AREA 


52,600 sec. ft., (a run-off of 29.7 in.). The average for 
the period was 35,300 sec. ft., (a run-off of 19.9 in.), 
or about 50.5 per cent of the average precipitation. 

The extremely variable flow, both seasonally and 
from day to day, of the Susquehanna River is not 
sufficiently emphasized in the foregoing average values. 
Fig. 2, containing superimposed hydrographs plotted 
from Harrisburg data, with an auxiliary scale for 
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correction to Conowingo, brings out more clearly the 
variation of the monthly average between the winter 
and spring high flows, and the low flows of summer and 
fall, but even this figure cannot illustrate the extent of 
the low-flow periods in any particular year. About 
6000 sec. ft. of water at full load is required for each of 
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It is this feature, more than any other, which has 
prevented the construction of a power plant in this 
reach of the river earlier, since the project has been 
studied for about forty years almost continuously by 
various competent organizations. High-capacity, ini- 
tial installation was imperative on account of the size 
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the seven units initially installed. The records indi- 
cate that several times the average flow of the river 
at Conowingo was less than 6000 sec. ft. for four months 
. or more, while in one period of 416 months (concluding 
with the first half of December, during which the annual 
peak of The Philadelphia Electric Co. System frequently 
occurs) the average flow did not exceed 5000 sec. ft. 


| | 


PLAN 


Fic. 3—GENERAL PLAN or THE ConowinGco Dam 


AND Power PLANT 


of the dam. This precluded independent operation and 
building up of local load and involved transmission to 
existing load centers together with the provision of 
expensive, relay, steam-generating capacity for use in 
the low-flow periods. 

That the project has now become economically 
justified is because The Philadelphia Electric Co. sys- 
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tem load is large enough to absorb nearly the entire 
output of the plant at all times; while operation in 
connection with the existing steam stations in Phila- 
delphia (utilizing Conowingo Station on the base of 
the load in high flows and on the peak in low), makes 
relay steam capacity unnecessary. 

Conowingo Dam. Five possible sites for the dam and 
power house were subjected to a careful detailed study, 
which indicated that the selected site—about two miles 
below the former village of Conowingo—best satisfied 
the various conflicting requirements. Construction was 
begun in March 1926, and since that time weather and 
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Fic. 4—Cnoss-SECTION or Main SPiLLWAY SECTION 
CoNowiNco Dam 


river-flow conditions have been so favorable that the 
original schedule for completion has been materially 
bettered. The dam is completed, and the pool full at 
present. It is expected that the first two units will be 
in regular operation early this year. 

A lake has been formed, extending approximately 14 
mi. upstream to the tail-race of the Holtwood Plant 
of the Pennsylvania Water & Power Co. At normal 
and maximum elevation of 108.5 ft. above sea level, the 
area of the pond will be about 8600 acres. With 7 ft. 
draw-down, storage is available to the amount of 
2,500,000,000 cu. ft., which will be utilized in dry 
periods to supplement the river flow. 

Since the former location of the Columbia and Port 
Deposit Branch of the Pennsylvania Railroad along the 
east bank of the Susquehanna River was to be sub- 
merged, it was necessary to provide a new road bed 
above the 108.5 ft. pond level from just below Holt- 
wood to the dam and, below the dam, dropping down 
at a maximum of 0.35 per cent to the original grade at 
Port Deposit—about 16 mi. in all. 

The Philadelphia-Baltimore Pike has been relocated 
so as to cross the river on a bridge placed on top of the 
dam structure. This bridge superseded the old steel 
bridge upon its demolition and flooding. 

The dam is a gravity-section, concrete structure. 
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As indicated in the plan, Fig. 3, starting from the west 
(left) side, an abutment section approximately 100 ft. 
long adjoins the power station section, 950.5 ft. long. 
The headworks structures for the four future units, as 
well as for the seven to be installed at this time, have 
been completed. The next section of the dam, 135 ft. 
in length, contains three regulating gates; then follows 
the main spillway section extending 2250 ft. A cross- 
section at this point is shown in Fig. 4. The fixed 
crest at elevation 86 is surmounted by 50 crest gates, 
supported by concrete piers rising from the dam on 


45-ft. centers. The piers serve the further purpose of . 


carrying the highway bridge already mentioned and 
the gate-crane bridge. 

With all gates open and all wheels at full draft, about 
880,000 sec. ft. will be discharged without raising the 
pool level above the normal of 108.5 ft. In comparison, 
the greatest recorded flood (in June 1889, coincident 
with the Johnstown Flood) was 750,000 sec. ft. 

Beyond the main spillway section is the east abut- 
ment section about 1200 ft. long. 

Conowingo Power Station. Fig. 5 is a cross section 
and Fig. 6 a plan of the power station. Seven generat- 
ing units are initially installed, each consisting of a 
turbine of 54,000 hp. at full gate and 89 ft. net head, 
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81.8 rev. per min., direct connected to a 36,000-kw., 
40,000-kv-a., 13,800-volt, three-phase, 60-cycle gen- 
erator, and also to а 715 kv-a., 70 per cent power factor 
auxiliary alternator for supplying the more essential 
auxiliaries, namely the ventilating fans, governor pump, 
and unit exciter. 

The generators, coupled in pairs, feed four 80,000- 
kv-a., 18.8/220-kv., .transformer banks placed in open 


top compartments immediately above the 13.8-kv., ` 


switch structures. One extra 26,667-kv-a. trans- 
former is provided as a spare for the four banks. 
The output of the step-up transformers is controlled 
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by the 220-kv. switching station on the roof of the 
power plant. The single line diagram, Fig. 7, indicates 
the four transformer banks and two 220-kv. lines now 
installed, and also the two banks and one line to be 
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added upon completion of the ultimate installation of 
the power station. 


Fig. 8 is a late view of the dam and power station 
from the west bank down stream. 


220-Kv. LiNES 
The 220-kv. transmission lines from Conowingo 
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Power Station to Plymouth Meeting Substation (ap- 
proximately 65 mi. long) are carried on steel towers with 
a normal span length of approximately 1100 ft. The 
right-of-way width is 315 ft. whieh provides for three 
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single-circuit tower lines spaced 85 ft. apart. The two 
outer tower lines have been built initially, resulting in 
a present spacing of 170 ft. between lines. The three 
conductors of each line are 795,000-cir. mils aluminum 
steel, reinforced, and are arranged horizontally with 
a spacing of 2514 ft. Each tower line also carries two 
183,000-cir. mils aluminum steel, reinforced, ground 
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wires. ‘The conductors and ground wire on suspension 
type towers are carried on a new type of clamp which 
releases the conductor, and thereby relieves the tangent 
towers of excessive longitudinal stresses in the event of 
wire failure. The insulators are of a high-strength 
type with fourteen units in suspension strings and 
sixteen units in strings in strain position. Fig. 9 shows 
the erossing span from Rowland's Island to the east 


Ес. 8—CoNowiNco Dam AND Power STATION, FROM WEST 


BANK—DOWNSTREAM SIDE 


bank of the Susquehanna River, with the access cable- 
way from the west bank to Rowland’s Island in the 
foreground. Fig. 10 а typical tangent-tower 
construction. 

I ES Ae ОРЦ "The term "interconnec-i 
tion" is used to denote many gradations of physical | 
connection between separate systems, ranging from ties 
of very small capacity between outlying points of ad- 
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the latter class belongs the interconnection between 
The Philadelphia Electric Co., the Pennsylvania Power. 
& Light Co. and the Public Service Electric & Gas Co., 
the first step of which is now practically ready for 
operation. It is the purpose of the three companies by 


Fic. 10—Conowinco 220-Kv. Lins Towers АТ PORTERS 
BRIDGE 


this interconnection so to coordinate their construction 
and operation programs as to result in à maximum 
saving of investment and operating expense. The 
studies made preliminary to the final agreement indi- 
cate that the present contemplated construction, 
namely, a complete 220-kv. ring between the systems 
with suitable facilities for connecting each system to 
the ring, will, when carefully operated, utilize to the 
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Fic. RowLAND's 


Access CABLEWAY FROM West BANK 


joining or interpenetrating systems (which, if utilized 
to the utmost, could not materially affect the operating 
economies of the system taken as a whole), up to trunk 
lines connecting principal centers of load and generation, 
involving a comprehensive mutual program with large 
investment, and promising commensurate return. To 


best advantage all of the diversity occurring between 
the system loads for the coming ten years. , 

The points selected as terminals of the 220-kv. ring, 
forming roughly, an equilateral triangle, are: Plymouth 


. Meeting near Norristown, for The Philadelphia Electric 


Co.; Siegfried near Allentown, for the Pennsylvania 
Power & Light Co.; and Roseland near Newark, for 
the Public Service Electric & Gas Co. The actual 
distances (line mileage) are: Plymouth Meeting to 
Siegfried, 49 mi.; Siegfried to Roseland, 82 mi.; Rose- 
land to Plymouth Meeting, 77 mi. 
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Fig. 11 shows a diagrammatic map of this inter- 
connection. A portion of the existing line from Wallen- 
paupack Hydroelectric Station of the Pennsylvania 
Power & Light Co. will be utilized as a portion of the 
Siegfried-Roseland line when this is built. 

The line now practically completed, is that from 
Plymouth Meeting to Siegfried. It is of the same 
general type of construction as the Conowingo Line, 
- though a number of details relating to foundation, 
tower design, and insulators were not identical. 


In the interconnection plan, each company designs 
and constructs the lines lying within its own operating 
territory, although all three have agreed upon the 
climatic loading conditions and the general basis of 
design. 

There are many points at which saving can be made, 
both in generating-capacity investment and in operat- 
ing expenses, when two or more large systems of ap- 
proximately equal system loads are interconnected by 
tie lines heavy enough to interchange any amount of 
energy which the economics of the situation may re- 
quire. The principal saving in this case results from 
load diversity, in that the peak load of the combined 
systems is smaller than the sum of the individual peaks. 
A second important factor is reserve diversity, since the 
companies by pooling the reserve capacities which they 
maintain are able to dispense with a certain portion of 
this reserve without loss of reliability. A third factor 
is the staggering of construction among the com- 
panies, which permits the installation of two or three 
generating units in any particular year, for example, 
` where four or five might be required with the three 
systems operating independently. | 


The distribution of combined load, in the most 
economical manner utilizing the more efficient stations 
of the combined systems for base load and the less 
efficient as peak stations, is a source of material savings 
in operating expenses. "The furnishing of emergency 
power in excess of normal reserve requirements when 
this is available in the other companies results in no 
actual money saving but does improve reliability of 
operation. 

Load Diversity. Load diversity between two or more 
systems may be analyzed into several distinct elements. 
In this case the principal portion of the load diversity 
is due to the difference in the shape of the individual 
daily load curves on any selected day during the peak 
period of the combined systems. Further contributions 
are made by the difference in the season of annual 
peak and by the non-coincidence of those accidental 
high days which cause weekly or monthly peaks on the 
individual system. As an instance, throughout the 
year the daily peak load of the Pennsylvania Power & 
Light Co. is in the morning, with the afternoon load 
slightly lower and the evening load materially reduced. 
Their annual peak load occurs in October. 


The load curves of the Public Service Electric & Gas 
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Co. and The Philadelphia Electric Co. are quite similar, 
both containing large evening loads throughout the 
year, and in particular a high peak near 5:00 p. m. 
throughout the winter months. "The yearly maximum 
load of both usually is found in December. 


Reserve Diversity. 'The experience of the three 
individual systems with calls upon their own reserve 
generating capacity indicates that these are relatively 
infrequent and no loss in reliability is expected, under 
the assumption that the interconnecting companies 
wil not all require their share of the total reserve 
diversity simultaneously. 


Economic Distribution of Combined System Load. 
In a single system of steam generating stations, es- 
pecially when serving a compact territory, the proper 
apportionment of load among stations seldom offers 
serious difficulties. It is usually found economical, as 
the system grows, to build up one station at a time 
from initial to ultimate capacity rather than to have two 
or more under way, simultaneously. Thus each 
station in its operating performance reflects current 
practise during its design and construction period, 
and the cost margin between stations is sufficient to 
render obvious the correct distribution of load. Trans- 
mission limitations and minimum loading requirements 


of stations may enforce departures from this ideal 


distribution. In the case of a system of wide area 
and low concentration of load, it may prove more 
economical to establish two or more centers of supply, 
and increase them in capacity according to the re- 
quirements of their districts, rather than to provide the 
transmission facilities required to permit all the growth 
to take place at one station. 


No matter to which class the concerned systems 
belong, the interconnection of two or more systems 
which have grown up entirely independently, and which 
are therefore likely to include stations of approximately 
equal-operating performance, offers many delicate 
problems of load apportionment. 


Load Dispatching. The interconnection headquarters 
for general administration and load dispatching is to be 
established at Siegfried. The load dispatchers at this 
point will be in direct communication at all times, 
through the load dispatchers of the individual systems, 
with the steam and hydrogenerating stations of the 
three companies. They will be advised of the expected 
outputs from the various hydro plants of the system 
as far in advance as estimates can reasonably be made, 
and will plan the operation of the steam stations to 
carry most economically the remaining load. Load 
records, metering, etc., will all center here. The 
preliminary studies of the interconnection project have 
demonstrated conclusively that an opportunity for 
large savings exists, but only the most alert and skilled 
load dispatching will realize all of the possible benefits. 


The detailed technique of interconnection operation 
has not been entirely worked out as yet, but the two 
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companies which are immediately to be connected 
by the Plymouth Meeting-Siegfried line are in close 
touch with one another on these matters, and before 
operation commences will havé worked out a complete 
schedule. 

Stability and Reliability. While a detailed discus- 
sion of the stability and reliability of the 220-kv. 
interconnection lines is out of place in the present paper, 
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SUBSTATION 


it can be stated that these considerations were among 
the foremost governing the entire study and design. 
It is expected that adequate stability under all loading 
conditions will be afforded the 220-kv. ring by the 
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synchronous condensers located at the terminal sub- 
stations (in the ease o* The Philadelphia Electric Co., 
initially 90,000 kv-a.). 
CONNECTIONS FROM 220-Kv. LINES TO 
THE PHILADELPHIA Co. SYSTEM 
Plymouth Meeting Substation. Plymouth Meeting 
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Substation, the junction point for the 220-kv. Cono- 
wingo and Interconnection lines, and the 66-kv. lines to 
Philadelphia, was laid out on a tract of about 40 acres, 
as shown by Fig. 12. The Conowingo and Intercon- 
nection lines terminate at the 220-kv. buses, to which 


Fic. 14—SiNGLE-LINE DriíAgRAM or PLvywovrTH MEETING 


SUBSTATION 


are also connected the 220/69-kv. transformers tying 
in with the 66-kv. lines to Westermoreland Substation in 
Philadelphia. 

As the cross-section (Fig. 13) and the single-line 
diagram (Fig. 14) indicate, two 220-kv. buses are in- 
stalled, provision being made for an ultimate of five 
220-kv. lines and six transformer banks, with each bus 
sectionalized by an oil-circuit breaker. Any bank or 


15—PeERSPECTIVE SKETCH: PLYMOUTH MEETING 
SUBSTATION 


line may be connected to either 220-kv. bus, through 
breakers. The initial installation consists of three 
lines, two from Conowingo and one from the Siegfried — 
Substation of the Pennsylvania Power and Light Co., 
and two transformer banks, together with a portion of 
both buses, 

A more comprehensive view of the substation, 
although not accurate in all details, is given by the 
perspective sketch, Fig. 15. On the 66-kv. side of the 
substation, two buses will be installed with provision 
for an ultimate of twelve 66-kv. lines, together with 
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the six transformer banks. Sectionalizing is pro- 
vided for at two points in each bus. The initial instal- 
lation consists of two lines to Philadelphia, and two to 
the Philadelphia Suburban Counties Gas and Electric 
Co., and parts of both buses. 

. A condenser building and a control room are located 
between the 220-kv. and 66-kv. sections of the station. 
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Three condensers are being installed initially, with pro- 
vision for an ultimate of six units. 

The transformer banks are self-cooled with a nomi- 
nal rating of 100,000 kv-a.; however, with the air-jet 


17—Four-Cirecuir TowrER—PLymMoutH MEETING 
WESTMORELAND 66-Kv. LINE 
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radiator cooling to be installed, their capacity will be 
increased to approximately 180,000 kv-a. These 
transformers are of the three-winding type, with the 
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220-kv. and 66-kv. windings connected star and 
solidly grounded. The delta, tertiary winding is rated 
at 13,300 volts. Ratio changing under load equip- 
ment, giving a voltage range of 15 per cent, is provided 
with these transformers. 

The synchronous condensers, which are connected 
to the transformer tertiary windings, are each rated at 
30,000 kv-a. and are equipped with extra high-speed 
excitation. 

Relay protection on the 220-kv. lines consists essen- 
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20—SINGLE-LINE DIAGRAM OF WESTMORELAND 
SUBSTATION 
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tially of special type C Z relays and directional, 
ground-current relays. Transformer banks and con- 
densers have the usual differential protection. The 66- 
kv. lines are also protected by C Z and ground-current 
relays. | 
The 220-kv. oil-cireuit breakers have an interrupting 

capacity rating of 2,500,000 kv-a., and the 66-kv. line 
breakers a rating of 2,000,000 kv-a. 

| 66-kv. Lines. The transmission lines, for connection 
from the 220-kv. system to the existing 66-kv. Phila- 
delphia Electric Co. transmission system, are carried 
from the Plymouth Meeting Substation approximately 
ten miles to Westmoreland Substation in northern 
Philadelphia, generally following along the banks of the 
Schuylkill River. For approximately one-half of this 
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distance the conventional two-circuit tower construc- 
tion is used, with an average span length of 800 ft. 
(Fig. 16). On account of the limited space available 
for the remainder of the distance, a special type of 
four-circuit towers has been utilized; and some of these 
bridge the railroad right-of-way of the Reading Co. 
On this portion of the line, a normal tower spacing of 
600 ft. has been adopted; and the towers located with a 
view to the requirements of future electrification 
catenary structure (Fig. 17). Two circuits each, of 
500,000 cir. mils copper, have been constructed initially 
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Fic. 21—CoNowiNcGo STATION OPERATION; Hicg-FLow 


CONDITIONS 


and provision has been made for an ultimate of six. 
Two ground wires are installed for each of the two 
circuit towers. 

Westmoreland Substation. Westmoreland Substation 
is the Philadelphia terminus of the 66-kv. lines from 
Plymouth Meeting Substation. 

As may be seen from Figs. 18, 19, and 20, the general 
scheme of connections and the physical arrangement of 
equipment are similar to those of the 66-kv. portion of 
Plymouth Meeting Substation and other Philadelphia 
electric 66-kv. substations, two 66-kv. buses being 
provided to which any line or transformer bank may be 
connected through oil-circuit breakers. At Westmore- 
land Substation, provision is made for an ultimate of 
twenty-three 66-kv. sections, five or six of which will be 
utilized by 66/13.2-kv. transformer banks, and the 
remainder by transmission lines to Plymouth Meeting 
Substation and to other 66-kv. substations of the 
Philadelphia Electric System. Bus sectionalizing, in- 
cluding reactors, if their use is found necessary, is pro- 
vided for at two points in each bus. 

The initial installation is two overhead lines to 
Plymouth Meeting Substation, two underground lines to 
Richmond Substation, two underground lines to Schuyl- 
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kill Substation (together with portions of both buses), 
and two 66-kv. feeders to two 18,750-kv-a., 66/18.2-kv. 
transformer banks in a nearby substation. By late 
summer, two 66/13.2-kv. transformer banks and two 
synchronous condensers will be installed in the 13.2- 
kv. section of the station. Ultimately, three and 
possibly four transformer banks and three condensers 
will be installed. i 

The two banks to be installed will be rated at 60,000 
kv-a. each with possible provision for increasing this 
rating by air-jet radiator cooling. The banks will also 
be provided with ratio changing under load equipment 
giving a 10 per cent voltage range. 

The synchronous condensers will be rated at 30,000 
kv-a. each, and will be equipped with high-speed 
excitation. 

Relay protection on the 66-kv. lines consists of C Z 
duplex relays for protection against both line-to-line 
and line-to-ground faults. Transformer banks and 
condensers will have the usual differential protection. 
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Fig. 22—Conowinco STATION Operation; Low-FLow 


CONDITIONS 


The 66-kv., oil-circuit breakers have an interrupting 
capacity rating of 2,000,000 kv-a. 


RELATION BETWEEN THE CONOWINGO PROJECT AND 
THE INTERCONNECTION 


The Conowingo and Interconnection projects have 
many favorable reactions upon each other. One of 
these is the common use of facilities for connecting the 
220-kv. lines with the Philadelphia Electric Co.’s 
existing transmission system. The cost of Plymouth 
Meeting Substation and of Westmoreland Substation, 
for either the Conowingo project or the interconnection 
separately, would have been considerably greater than 
the proportionate share of the actual combined con- 
struction cost. 
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While two 66-kv. lines from Plymouth Meeting Sub- 


station to Westmoreland Substation would have been 


required for the Conowingo project alone, and one for 
the initial interconnection step alone, on account 
of the short period of simultaneous maximum demand, 
only two lines are being installed for both the first year. 

The output of the Conowingo project can be com- 
pletely absorbed earlier with the interconnection, since 
the minimum combined load. of the three systems is 
well above the full load capacity of Conowingo Station. 
Likewise, Conowingo’s value in replacement of steam 
generating capacity at all times of the year is greater 
with the interconnection. 

Figs. 21and 22 illustrate the more effective utilization 
of the water available for Conowingo Station, both in 
high-flow and low-flow periods with the interconnection. 
In Fig. 21, which represents winter, high-flow con- 
ditions, the lower load curve is that of the Philadelphia 
Electric Co. system alone, and the upper, that of the 
interconnected companies combined. The cross- 
hatched area indicates the energy that can be developed 
from the Conowingo Station, sufficient water being 
available to run all the turbines in the station at full- 
load for 24 hr. Operating in conjunction with the 
Philadelphia Electric Co. system load alone, the area 
indicated by the double-cross-hatching would be lost 
on account of the decrease of the system load below the 
capacity of the station during the night hours. On 
the other hand, operating with the interconnected 
systems, the minimum load is well above the capacity 
of Conowingo Station at all times, and the entire 
available energy can be utilized. 

Fig. 22 illustrates winter, low-flow conditions, in 
which a very small amount of water per day may be 
available. In this case the economical method of 
operation is to utilize all of the available water energy 
in carrying the peak load, leaving the base load to the 
team-generating stations, since in this manner the 
hydro plant replaces the greatest amount of steam- 
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generating capacity. The cross-hatched areas on 
the two curves are equal, and it will be readily noted 
that, utilizing exactly the same limited amount of 
water in either case, the replacement of other generating 
capacity by Conowingo Station is about 50 per cent 
greater when operated on the Interconnection load 
curve, than on that of the Philadelphia Electric 
system alone. 


During the summer months, when the load curves 
of both the Philadelphia Electric Co. system alone, and 
of the interconnected systems, are nearly flat for several 
hours, the low-flow energy applied at the top of the 
curve will result in a lower replacement of steam 
capacity by Conowingo Station, possibly no greater on 
the Interconnection load than on the Philadelphia 
Electric Co. system load alone. At such times, on 
account of the short starting period required by hydro 
generating units, every generating unit not required for 
the normal load can be utilized as standing, reserve 
capacity for the entire interconnected system. The 
amount of expensive, steam-reserve capacity will thus 
be reduced. 

It is hoped that this brief presentation of the largest 
interconnection yet attempted, embracing three of the 
leading power supply companies of the United States, 
and including Conowingo Station (in its ultimate 
capacity the largest single hydroelectric station), may 
be of value to all those interested in the general subject, 
and especially to those who find themselves faced by 
similar problems. 


The author desires to express his thanks to Messrs. 
F. C. Ralston, R. A. Hentz, and P. H. Chase of 
the Philadelphia Electric Co., for their helpful assist- 
ance in collecting and compiling the material contained 
in this paper. 


Discussion — 


For discussion of this paper. see page 408. 


Progress and Problems 


From Interconnection in Southeastern States 
BY W. E. MITCHELL! 


Fellow, A. I. E. E. 


` Synopsis.—Great progress has been made. Interconnection 
between independent systems 4s primarily a protective measure. 
The greatest economic benefits have been realized when the inter- 
connections have been made by subsidiary companies of one holding 
company. The capacity of tie lines and the amount of power inter- 
changed has increased greatly. The size of generating units has 
increased, as has the size of power plants, resulting in lowered 
cost per kw. The problem of satisfactory voltage and power factor 
control has increased in complexity as has that of system load dis- 
patching. While much improvement has been made in oil circuit 
breakers, they still leave much to be desired. Interconnection has 


N 1924 in a paper on Interconnection of Power 
Systems in the Southeastern States, the author 
suggested that our great problem for the next 10 
years would be to increase the capacity of the inter- 
connecting links between different systems, to develop 
water power distant from the power market, and to 
construct the mine mouth or other strategically located 
(from an economic standpoint) high capacity steam 
plants, and connect them with the great load centers by 
means of high-capacity networks. He also suggested 
that we should plan for at least 10 years in the future. 
Less than four years have passed, yet tremendous 
strides have been taken along these very lines. The 
economic possibilities of interconnection are being 
clearly realized. One of the results has been the co- 
ordination in a number of instances of the various 
individual operating companies under опе holding 
company, thus deriving the benefit of massed capital, 
massed resources, and unified control. Interconnection, 
group management, low-cost steam generation, and 
long distance transmission have come as a logical 
succession of natural economic steps. 


Interconnection between independent systems is, 
first, a measure of protection in emergencies. It 
cannot be a success unless the executives and operating 
forces of the respective companies realize it is a give- 
and-take proposition, and have mutual regard for the 
interests of both companies in the service of the public. 

In the Southeast, what we term an “operating 
committee," (on which are representatives from Ala- 
bama Power Co., Tennessee Electric Power Co., 
Georgia Power Co., Columbus Electric and Power Co., 
Augusta-Aiken Railway & Electric Co., Southern 
Power Co., and Carolina Power and Light Co.) has 
been functioning for over four years. This committee 
meets about eight times a year and compares operating 


1. Vice-President and General Manager, Georgia Power Co., 
Atlanta, Ga. 

Presented at the Winter Convention of the A. I. E. E., New York, 
N. Y., February 13-17, 1928. 
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made possible more economical operation of existing plants and 
has resulted in the use of a larger proportion of the available water 
on systems combining steam, storage, and run-of-river hydroelectric 
plants. 

Long-time forecasting of load and rainfall conditions is im- 
portant in economical system planning. The 110-kv. and 154-kv. 
line construction is discussed, also the value of ground wires and 
lightning arresters. The growing importance of carrier current for 
supervisory control and communication and their application are 
discussed. 


data, load, rainfall, storage reservoir conditions, and 
other problems of mutual interest. This has proved of 
the greatest value to all concerned. Getting better 
acquainted and the resultant bettér understanding, 
together with a greater knowledge of each others’ 
systems and their points of strength or weakness, have 
facilitated the prompt handling of the exchange of power 
in emergencies. Frequently, improved operating econ- 
omies through interchange have resulted from a 
greater knowledge of conditions throughout the entire 
territory. | 

Unquestionably the greatest benefits are derived, 
however, (and this applies both to the general publie 
as well as to the individual companies), when the inter-. 
connected companies while maintaining their inde- 
pendent corporate identity are subsidiaries of one 
holding company. ІЁ is practically impossible to have a 
unified development program for five independent 
companies, but if these are under the same financial, 
engineering, and management control, then genuine 
system planning on a large scale will take place and the 
most economical plants and tielines will be built first look- 
ingonly to the maximum resultsfor the group as a whole. 

Electrieal development in the Southeast has kept 
pace with the rest of the country as the tabulation 
on the following page will show. | 

The accompanying map, Fig. 1, shows the transmis- 
sion lines of these companies covering a large part of 
seven of the most progressive states of the new industrial 
south. 

The system of the Southeastern Power and Light 
Company is operated in parallel practically all of the 
time, and much of the time it is in parallel with both 
the Tennessee and Carolina systems. For successful 
parallel operation and, at the same time, to secure the 
proper load division between the various generating 
stations and between the systems themselves, it is 
essential that the frequency be very closely controlled. 

We endeavor to maintain the frequency rigidly at 
60 cycles. By the installation of master clocks at the 
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TABLE I 
| 1928 1926 1927 
Installed generating capacity Нуаго-Ку-а..................... 782,000 1,170,505 1,362,167 
вбеаш-Ку-а...................... 358,000 497,978 622,487 | 

Total кепегайоп-—с-һг.................................. 3,250,000,000 3,822,718,019 4,150,000,000* . 
Peak load —ÓEwebl..lll4a.z he rr RR FER V ES 740,000 800,000 870,000* 
Hydro storage —Ки-һг.................................. 225,000,000 265,700,000 418,000,000 
Miles of 110,000-volt Шпез................................. o iu TAS 4,497 
Miles of Ї1пбегсоппесЫп  Ппез.............................. ados — 538.41 
Interchange power between companies—kw-hr............... 228,500,000 457,000,000 573,000,000* 


*Estimated. 


larger generating stations, and the use of extremely 
accurate frequency recorders at load dispatching 
centers, it has been possible to make material improve- 
ment in the control of frequency over the interconnected 
systems. Fig.2isa typical frequency chart taken when 
the Southeastern Power and Light Company system was 
operating in parallel with Tennessee Power Company. 
While this chart probably does not indicate as steady a 
frequency as exists upon metropolitan systems, it does 
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show the narrow limits within which it is possible to 
regulate the frequency upon a very extensive system. 
It should be noted that one cycle is represented by a 
space of 29$ in. on the chart, so that a variation of 
0.05 cycles covers about one-eighth inch. 

During the wet season the basic load is carried by 
the run of river hydroelectric plants, and the load 
fluctuations by steam plants and vice versa during dry 
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seasons. The system supplying the bulk of the power 
regulates the frequency. Special attention has been 
given to the adjustment of governors at all generating 
stations, so that they will be as nearly as possible equally 
sensitive, in order that all stations may carry their 
proper share of the load fluctuations. | 

The problem of voltage control grows more important 
and more complicated as larger systems are tied to- 
gether and as additional interconnections are made. 
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1—МАР SnHowiNa TRANSMISSION SYSTEMS IN SOUTHEASTERN STATES 


On the system of the Southeastern Power and Light 
Company, there is at present installed a total synchro- 
nous condenser capacity of 180,000 kv-a. This capacity 
is fairly well distributed over the system at important 
load centers. The condensers are all controlled by 
automatic voltage regulators. Three 5000-kv-a. con- 
densers and one 10,000-kv-a. condenser are equipped 
for full automatic control; that is, from the starting to 
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the stopping operation. Alabama Power Company 
has installed a 25,000-kv-a. turbo generator at the 
Gorgas steam plant, with provision for disconnecting 
the generator and the turbine and operating the genera- 
tor as a synchronous condenser. During the wet 
season, when the steam unit is not required for supply- 
ing power, the generator is disconnected and operated 
as a synchronous condenser, supplying approximately 
15,000-kv-a. corrective capacity to the system. In 
addition to this, the hydroelectric units are used for 
power factor correction, as required during the peak 
load hours, and when not required for supplying power. 
Usually, during the dry season of the year, when steam 
plants are operating on base load, a large portion of the 
hydroelectric capacity is used during peak-load hours 
for power factor correction. It is the practise, when 
these units are operating as synchronous condensers, to 
close the gates tightly. Vacuum breakers have been 
installed upon all of the more important units so as to 
reduce the power input to the generators when they are 
operated as synchronous condensers. The action of the 
water wheel when running at full speed is such as to 
pick up water at its center and discharge it at the perim- 


2—TYPICAL FREQUENCY CHART OF SOUTHEASTERN POWER 
& Licutr Co. SYSTEM 
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eter, much the same as a centrifugal pump, whenever 


the gate openings are so low that the wheel is not fairly , 


well filled with water. It is evident that this increases 
the power input to the unit. The opening of the 
vacuum breaker so as to admit air and break the column 
of water being pumped, therefore, results in considerable 
saving in losses, with a consequent reduction in gate 
opening for low ratings and saving in water. In the 
more modern plants, automatic vacuum breakers have 
been installed. Naturally the hydroelectric plants are 
not as beneficial as synchronous condenser stations 
located at load centers. However, they are in general 
at opposite ends of the system from the steam plants, 
and therefore they have been of much use in the cor- 
rection of voltage. It has been more economical to 
use them for this purpose than to install the additional 
synchronous condenser capacity which would be 
required. 

It has not yet been found necessary to install regulat- 
ing transformers in tie lines to govern the division of 
load and wattless current, but it is very likely that this 
or some other method will be required as the number of 
ties between the systems increases. With the increas- 
ing amount of load carried over the lines, the problem 
of system stability has been encountered. In 1926, 
when it was necessary to supply abnormal loads over 
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two tie lines between Alabama and Georgia, frequently - 
an outage of one of the tie lines due to lightning or 
other trouble would result in a separation of the 
Alabama and Georgia systems by pulling out the other 
tie lines. Operating experience indicates that with 
a load of 30,000 kw. on each line, an interruption on 
one line will result in the separation of the two systems. 
As a result of this experience, an extensive series of 
stability tests was made in cooperation with one of the 
larger manufacturers. A technical paper is now being 
prepared describing in detail these tests. 

On a large network system, it is becoming increasingly 
difficult, and, in fact, practically impossible, to make the 
necessary calculations for load division over transmis- 
sion lines, voltage regulation, ete. Therefore, the 
practise has been established of at least once or twice 
each year taking simultaneous readings at all of the 
most important generating stations and load centers 
of the interconnected network. Readings of load, 
power factor, voltage, etc., are taken simultaneously 
and tabulated and are of considerable assistance in 
engineering calculations, as well as in the proper opera- 
tion of the system. In order to analyze troubles and 
provide remedies, permanent recording equipment, such 
as the Hall Recorders, or oscillographs, are now being 


_ installed at stragetic points upon the system. These 


instruments, starting automatically and practically 
instantly when trouble occurs, should prove of con- 
siderable value in analyzing trouble and in determining 
settings for relays, loading of lines, etc. | 

The problem of relaying is becoming increasingly 
difficult as single circuit transmission lines are added. 
A great need is being felt for a system of relaying which, 
while selective, will instantly disconnect a faulty 
circuit. At present, the ordinary induction type over- 
load relays are being used on single-circuit lines, 
naturally having a short time setting to secure selective 
operation. In a few instances, it has been found that 
the settings on these relays have been such as to hold the 
short circuit on the system long enough to affect the 
system stability, and in one or two instances, has 
resulted in rather serious interruptions. Upon the 
double-circuit tower lines, the balanced relays are 
functioning very satisfactorily. However, during light- 
ning storms, frequently both circuits on the tower lines 
are interrupted simultaneously. 

There are at present three heavy ties between the 
Alabama and Georgia companies of the Southeastern 
Power and Light Company system—two direct and 
one through the Columbus Electric and Power Com- 
pany. So far, the main flow of power has been from 
West to East and this will probably continue to be the 
case for about three more years. However, there are 
now numerous short periods when surplus run of river 
power is sent from Georgia to Alabama. So far we 
have been able with the existing synchronous con- 
denser capacity to handle as much as 90,000 kw. over 
these tie lines and maintain satisfactory voltage con- 
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ditions. Within four months a new 154-kv. tie., 145 
mi. long, will be completed between Martin Dam and 
the East Point Substation at Atlanta of the Georgia 
Power Company. This tie will have a capacity of 
approximately 60,000 kw. It will be a single-circuit 
line of special cross-braced H frame steel towers, 60 ft. 
high with 39-ft. steel crossarms mounted 56 ft. above the 
ground. Conductor spacing is 19 ft. 6 in. Conductors 
will be 397,500 cir. mils A. C. S. R. with two No. 2/0 
composite aluminum steel ground wires flexibly 
attached to the towers. Insulation for 154 kv. will 
consist of 11 units in suspension and 12 units double 
yoke on strain with grading shields used throughout the 
line. 

On September 18, 1927 a 90-mi. line between Gorgas 
Steam Plant and Wilson Dam was put in operation at 
154,000 volts, this being the highest voltage at present 
in use in the southeastern states. This line was built 
during the war and used at 110,000 volts until this 


changeover. The need of additional capacity caused 
the change-over. This line now has a capacity of 
60,000 kw. 


A third 154,000-volt line of the same type as the 
Martin-East Point line is practically complete now 
between Martin Dam and Leeds substation. For the 
present and until the construction of Lower Tallassee, 
this line will be operated at 110,000 volts. 

The construction of these lines brings out forcibly 
the economy of unified control. They permit the post- 
poning of the construction of additional power plants 
by one company until those under way by other com- 
panies under the same control are loaded up. 

As the systems grow larger, interconnection between 
those under one management makes for greater operat- 
ing efficiency. Full advantage is taken of diversity of 
time, diversity in rainfall, and in seasonal load. With- 
out the tie lines this would be impossible. To a some- 
what lesser degree, these same factors may be taken 
advantage of by means of ties between independent 
companies. With the large storage reservoirs practi- 
cally no water goes to waste during the summer season. 
If one section has a heavy rain and another none, the 
tie lines permit sale of the surplus at such a price that 
the company that has had no rain can afford to buy 
power and store its own water. Matters of this nature 
are handled by the load dispatchers or operating 
engineers and may cover a period of a day, week, or 
even longer. 

With the more careful studies of the curves of rainfall 
and run-off and expected load, a greater use is made of 
all hydroelectric plants. The run of river plants 
which on the isolated system wasted water all night 
long because it had little or no storage, now that it is 
linked into a comprehensive system, generates many 
more kw-hr. than it previously did, thereby probably 
saving fuel generation. 

On a system combining run-of-river and storage 
hydroelectric plants and steam plants, great savings 
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can be made by accurate knowledge of river flows and 
available plant capacities. This involves not only 
studies of all available data as to river flow in the past, 


. but the forecasting of the future flows and the formu- 


lating of careful rule curves for the day to day operation 
of storage plants. Much careful study is being given 
to this by all large systems and what the subsidiaries 
of Southeastern Power and Light Company have done 
is only typical of the other companies. Messrs. J. P. 
Armero and D. M. Booth have, however, done some 
very interesting original work on this problem, which 
they describe as follows: 

“In order that future operating conditions can be 
forecast as intelligently as possible, careful studies have 
been made of the hydrographs of all rivers involved 
over a period of not less than 25 years. From these 
studies a forecast hydrograph is drawn for the ensuing 
year. This hydrograph is determined in this manner: 

‘“‘To obtain results with values of any proximity what- 
soever to the actual hydrograph, the data of the rivers 
studied had to be treated as periodograms or curves 
representing functions which, although depending on 
cyclic variables, do not by themselves show a definite 
cyclic character. They are, in fact, cyclic functions 
whose periods are so long that the observations available 
cover but a small fraction of a cycle. The object 
of the periodogram analysis is to determine from the 
table of observations the equation of the curve, and 
with this to compute the values to be expected from the 
functions during the rest of the cycle. The periodo- 
gram is formed by the addition of a series of sinusoidal 
functions, and in some cases contains also lineal 
functions and constants. Generally, it is impossible 
to find the actual composition. Unless the observation 
covers at least one cycle, the problem is indeterminate. 
The indetermination is removed when a number of com- 
ponents is known, but even in such cases it is necessary 
for obtaining consistent results that the data be free 
from any error or perturbation. The results shown here 
in plotted form have been prepared by using a method 
whereby each component’s period was estimated, and 
then computing their phase and amplitude. This 
method of attack is especially useful when observations, 
although not covering the whole cycle of the resultant, 
cover at least one cycle of each component. 

“Fig. 3 shows the actual massed hydrograph and re- 
sultant curve obtained by the addition of the com- 
ponents found by the analysis. 

“Fig. 4 shows the forecasted and actual hydrograph 
for 1926—Coosa River. 

“Fig. 5 shows the forecasted and actual hydrograph 
for 1926—Tallapoosa River. | | 

“This gives an idea of how closely the actual flow has 
followed the forecasted during previous years. Based 
upon studies of previous years flow, with consideration 
of wet, dry, average, or medium years, and with the 
aid of the study as mentioned above, rule curves are 
made up, covering the operation of the storage plants. 
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where all heavy maintenance work is done during the 
four normally inactive months of December, January, 
February, and March. 

Tables I, IT, and III show the effect in a system oper- 
ating both steam and hydro plants of load growth and 


Figs. 6 and 7 show typical rule curves for the Georgia 
and Alabama storage reservoirs. The rule curves are 
followed very closely, and deviations are permitted 
only within certain limits, and to take care of unusual 
conditions on stream flow plants. Of course, oc- 


casionally there is insufficient rainfall to fill up the reser- 
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voirs along the rule curve. By following these curves, 
the various plants are operated in so far as possible at 
their most efficient points. Occasionally it is necessary 
to increase the load beyond the most efficient point to 
eliminate higher priced power during peak hours. 
By properly coordinating the operation of all plants on 
the systems, these occasions are rare." 
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Fig. 4—FonRECASTED AND ACTUAL HyYDROGRAPHS OF Coosa 
RIvER—1926 


Operating and maintenance practise has also im- 
proved with the exchange of operating data and ideas. 
` More careful maintenance schedules for all equipment 
are followed, thereby reducing maintenance cost and 
keeping all equipment in better and more efficient 
condition. This is particularly true of steam plants 


Fic. 5—ForECASTED AND AcTUAL HYDROGRAPHS OF 
TALLAPOOSA RIVER—1926 


rainfall on production and operating costs of typical 
steam and hydroelectric plants. 


At the present time the first 66,667 kv-a. unit of four 


which will ultimately be installed in a new mine mouth 


steam plant at Gorgas is now under construction. 
This plant, together with the existing steam plants and 


TABLE I 


PLANT PERFORMANCE—HYDROELECTRIC PLANT 
OPERATING IN A SYSTEM WITH STEAM PLANT 


Maximum 
Year Output Load factor _ demand 
1923 153,094,600 29.4 69,500 
1924 255,520,500 48.5 60,000 
1925 227,387,000 44.0 58,500 
1926 302,292,000 58.3 59,200 
1927 291,880,000 56.7 58,000 


OPERATION AND MAINTENANCE COSTS COMPARED 
Unit cost in mills per kw-hr. 


Year Opcration Maintenance Total 
1923 "E A 0.1553 
1924 0.122 0.023 0.1450 
1925  . 0.117 0.073 0.1900 
1926 0.080 0.047 0.127 
1927 0.074 0.131 |. 0.205 


*Maintenance unusually high in 1927 due to cost of welding runners. 


the big storage plants at Martin and on the Tallulah 
River, make possible the maximum use by both Georgia 
Power Company and Alabama Power Company of their 
run of river hydro plants. Allcombine to develop 
more kw. of capacity per dollar of investment and to 
produce more kw-hr. at a lower cost than would be 
possible under independent management. Ina similar 
manner the Southern Power Company, the Carolina 
Power and Light Co., and Tennessee Electric Power Co. 
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TABLE II 
COMPARISON OF YEARLY STEAM PLANT PERFORMANCE 
Load Maximum Unit cost mills per kw-hr. 
factor demand Lb. coal eee 

Output kw-hr. in per cent kw. per kw-hr. Oper Maint. Fuel Total 
88,088,100 20 45,000 2.56 ss na уз 6.30 
112,000,600 25.6 55,000 2.46 0.81 0.57 4.92 6.30 
188,414,600 43 55,500 2.00 0.40 — 0.40 4.00 4.80 
145,250,200 33.1 54,600 2.00 0.52 0.95 4.00 5.47 
207,678,000 34 78,500 1.91 0.38 0.49 3.82 4.59 
350,795,400 54 78,800 1.90 0.32 0.40 3.80 4.52 
198,064,800 29 78,500 1.90 0.50 0.73 3.80 5.03 
276.553.800 46 75,000 1.90 0.34 0.52 3.80 4.66 


Tons coal 

Year per year 
1920 118,159 
1921 137,763 
1922 188,773 
1923 145,184 
1924 198,947 
1925 334,196 
1926 199,624 
*1927 263,807 


*11 months only. | 
The cost of coal in the above figures is $4.00 per ton at the plant. 


TABLE III 
SOME MONTHLY PRODUCTION COSTS FOR A LARGE HY DRO- 
ELECTRIC PLANT OPERATING IN SYSTEM WITH STEAM 
RESERVE PLANTS IN MONTHS OF DIFFERENT FLOWS 


1 


High flow |Medium flow; Low flow 

Gross generation in kw-hr..... 38,474,000 16,505,800 9,250,200 
Station use kw-hr............ 119,600 103,500 115,900 
Net generation kw-hr......... 38,355,000 16,402,300 9,134,300 
Peak Кзу..................... 58,200 50,000 36,000 
Turbine hours................ 2,221 1,600 1,297 
Operating cost............... $ 2,270 $ 1,540 $ 1,745 
La8bOP- уду га жача Se $ 1,654 $ 1,524 $ 1,534 
Material................. $ 617 $ 316 $ 211 
Maintenance e0st............ $ 2,266 $ 5,574 $ 8,919 
Гарог................... $ 1,710 $ 1,670 $ 1,709 
Material................ $ 556 $ 3,904 $ 7,210 
Production ceost.............. $ 4,536 $ 7,414 $ 10,664 
Substation cost.............. $ 921 $ 1,219 $ 946 
Total payroll................ $ 4,570 $ 4,653 $ 4,714 
Average number men ........ '43 46 46 


Note: Maintenance during medium and low months includes contract 
expense shown under material for welding runners. 


are working to the same end on their great systems. 

'The development of all the economical hydroelectric 
sites is not distant. The material improvement in 
steam generating efficiencies, together with the lowering 
plant costs, the reliability of the large steam units and 
the varying character of our southern streams are all 
making utility engineers in the south realize that a 
greater and greater proportion of power will be produced 
by steam in the future. | 

The extent and feasibility of interconnection and 
long distance transmission was thoroughly demon- 
strated in 1925 when over 600 mi. of line between 
Muscle Shoals in northwest Alabama and points north 
of Raleigh, North Carolina were linked up for several 
weeks and large blocks of power transmitted. 

The year 1927, asfaras Alabama and Georgia were con- 
cerned, was nearly as dry as 1925. Georgia had very 
little additional generating capacity and a very greatly 
increased load. Due to coordination of the systems, 
however, and the additional tie lines, water was con- 
served in the Burton storage all during the spring and 
drawn out in the late fall when most needed. Under 
independent operation the tendency would have been 
to have taken a chance on getting summer rains (which 
never came) and so to have drawn upon the stored 
water that when the final pinch came there would have 


failure in their isolated plant. 


been none left and then industries would have been 
forced to curtail because the tie lines could carry no 
more and the hydro plants would have been greatly 
reduced in capacity by lack of water. The accompany- 
ing load curves, Figs. 8, 9, and 10, and the rule curves, 
Figs. 6 and 7, demonstrate most clearly the value of 
unified operation of two large systems. 

On December 3, 1927, systems from Chicago to Mobile 
and Pensacola were interconnected and thus over a 
thousand miles of transmission line and literally millions 
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of kw. of generating capacity operated in parallel for 
some fifteen minutes. No power was interchanged 
but the availability of the interconnections in case of 
emergency was demonstrated. 

In October 1927 a large cotton mill in Georgia had a 
Within twenty-four 
hours from the time notice was received, the Power 
Company has picked up over 3000 hp. of the mill’s 
load and within seventy-two hours had picked up the 
entire 10,000 hp. This was only possible due to the 


il 
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capacity of two big interconnected systems, but it power purchased from Company B, and Company C's 
meant continued employment for several hundred needs were completely taken care of. 


people who would otherwise have been thrown out of 
work for two or three months. 

In 1927 the Savannah River dropped to a flow nearly 
as low as in 1925. The local plant near Augusta was 
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Fic. 7—Rvuite Curve, Martin LAKE—ALABAMA POWER 


CoMPANY 


entirely inadequate under these conditions to carry 
the system load so that for several months from 15,000 
to 20,000 kw. capacity was taken over the interconecting 
110-kv. line with the Georgia Power Company and 
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thus a curtailment of industry in a large territory 
entirely avoided. 

Another example of the greater use of available re- 
sources: Company A had available 25,000 kw. of trans- 
mission capacity but no surplus generating capacity 
and was interconnected on one side of its system with 
Company B, which had surplus power, and on the other 
side with Company .C, which was short of power. 
Transmission facilities were leased from Company A, 


The growth of each independent system, but even 


more the unified control of several systems, has pro- 
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moted the use of larger power plants and larger generat- 
ing units. When a system load is of the order of 400,000 
kw. the annual growth will be 50,000 kw. at least; 
therefore, it is logical to install very large units. In the 
Buck steam plant, a powdered fuel plant, which the 
Southern Power Company recently put into operation, 
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Fic. 10—Grorc1a Power Со. 
two turbo generators of 35,000 kv-a. each were in- 
stalled. In the Martin Dam plant of Alabama Power 
Company three 37,500-kv-a. units were installed for 
an average head of 120 ft. At Jordan Dam (Lock 
18), now under construction, four 29,000-kv-a. units, 
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operating at 93-ft. head, are being installed; at Upper 
Tallassee two 19,000-kv-a. units, operating at 55-ft. 
head will be in operation early in 1928. The Southern 
Power Company will have 45,000 kv-a. at its Oxford 
hydroelectric plant in service early in 1928. The 
High Rock Plant of the Aluminum Company of America 
was brought in in 1927 with 40,000 kv-a. The Southern 
Power Company will receive a large portion of the out- 
put of this plant over a new 40-mi. 110-kv. tie line. The 
Tennessee Power Company revamped their old Nash- 
ville steam plant, equipping two boilers for powdered 
fuel, and installing a 23,500-kv-a. turbine. Carolina 
Power and Light Co. late in 1926 brought in their Cape 
Fear Steam Plant with 30,000-kv-a. capacity and are 
now working on their Norwood hydro plant of 65,000- 
kv-a. capacity. The generators in this plant will be 
of the outdoor type. A third 17,500-kv-a. unit is now 
being added to the Bartletts Ferry Plant of the 
Columbus Electric & Power Company, bringing its 
capacity up to 52,500 kv-a. 

When the new Gorgas steam plant of the Alabama 


Power Company was under discussion, very careful 


studies were made and 66,667 kv-a. units finally decided 
on as the most economical size for our conditions. This 
plant when completed will probably be the most 
economical plant in the Southeastern States. A brief 
description of this latter steam plant may be of interest. 

The turbo generator is a 66,667-kv-a., 90 per cent 
power factor, 400-lb., 725-deg. fahr. machine arranged for 
four bleed points. The generator is cooled by four 
motor-driven blowers having a total capacity of 105,000 
cubic feet of air per minute at a static pressure of 10 in. 
of water. The blowers drive the air through the genera- 
tor air cooler in a closed system. 

The condenser is 70,000 sq. ft., two pass, with 1-in. 
tubes, two circulating pumps, two condensate pumps, 
and one bank of air ejectors. 

Two 30,000-sq. ft., 475-lb. pressure Babcock & Wilcox 
boilers and superheaters with Combustion Engineering 
Company Fin type water walls on three sides of the 
furnace are provided. Each boiler is guaranteed to 
produce a maximum of 450,000 Ib. of steam per hr. 
at 475 lb., 725 deg. fahr. total temperature. 

The boilers will be fired with pulverized fuel fed from 
a bin system. Three 15-ton mills discharge to cyclones 
and thence by conveyors to the pulverized fuel storage 
bin for each boiler. The single-line diagram, Fig. 11, 
shows the extreme simplicity of the electrical layout. 
This plant is expected to make a kw-hr. on the switch- 
board with 15,000 B. t. us. While many northern 
plants are more efficient thermally, this figured out the 
most efficient plant for this territory when the price 
of coal and the increased capital cost per kw. for 
greater efficiency were considered. 

This plant plainly shows the rapid change in con- 
ditions m a few years and indicates the prime im- 
portance of careful study of load growth and of con- 
sideration of the improvement in efficiency of steam 
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units. Whereas eleven years ago the first large unit 
installed at Gorgas was 25,000 kv-a., and the plant was 
built purely as a reserve steam plant to operate at from 
10 to 25 per cent annual load factor, the new plant will 
be a base-load plant operating on a 50 per cent annual 
load factor at first and probably ultimately on a 70 
per cent load factor. Another interesting fact is 
that while the new plant will be 50 per cent more 
efficient than the old, its cost per kw. will be but little, 
if any higher; such is the effect of larger units. Again, 
units of 66,667 kv-a. would not be the proper size were 
there not ample reliable tie lines between Alabama 
and Georgia so that such a unit would be available to 
both companies. 

In present day practise all ное аге of the out- 
door type with steel girders or steel pole supporting 
structures. They are simple and sturdy with large 
clearances. Small control houses are built for the relay, 
protective and control equipment and telephones with 
a small storage space for spare parts that must be 


4 


ү SIA FEPVICE d 
? TVEDE: GEN 
4 ү 
^ ^ 
Po . 
vi 


Fic. l1l1—SiNGLE-LiNE DrAGRAM New 266,668-Kv-a. Gonaas 
STEAM PLANT—ALABAMA Powrn Co. 
housed. In older substations the low-voltage buses 


and switches were put indoors, now for 11,000 volts or 
above nearly all are placed outdoors. 

Double-circuit 110,000-volt lines and many single- 
circuit lines are built on steel towers but the majority 
of single-circuit 110,000-volt lines are of the familiar 
H-frame wood-pole type with one or two ground wires 
and with the structures guyed at frequent intervals. 
Chestnut, juniper, and cypress poles are frequently 
used, but by far the majority of lines are constructed 
with creosoted long leaf yellow pine poles. "These 
make a splendid looking and a long lived, low mainte- 
nance cost, line. 

By far the greater part of the territory served in the 
Southeastern states is sparsely settled with nothing like 
the density of load per sq. mi. that is encountered in 
the northeast or middle west. Therefore, types of 
construction have been developed which peculiarly 
suit these conditions. First cost must be kept at a 
minimum and at the same time operation and mainte- 
nance must be kept very low. А brief description of a 
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typical line may be of interest. A single-circuit 
110,000-volt line, 225 mi. long, from Mitchell Dam via 
Lock 18 to Hattiesburg, Mississippi. The total load 
was only about 12,000 kw., distributed at eight load 
centers. Prior to inauguration of hydroelectric service 
the more important of these load centers were supplied 
from local steam plants, and had good service, to which 
the hydroelectric service will of course be compared. 
Due to the small size of the various loads, it follows 
that the distribution organizations are small, and that 
there are therefore few men available for emergency 
patrols on the high tension line and substations. The 
redeeming feature about this territory was the fact that 
the prospects for growth in load looked very good. It 
has actually increased 2000 kw. in the last year. 

While first cost had to be low, there had to be con- 
siderable spare capacity, at least in the line, to provide 
for future growth. 
ing and maintenance costs must be comparatively low. 
To get low operating costs, it was evident that the line 
and connecting substations should be as nearly auto- 
matic as possible, requiring a minimum number of men 
in constant attendance. It was also clear that the line 
and substations would have to be very reliable, inas- 
much as the service requirements were high and there 
were few men available for putting on the line to run 
down and repair faults. 

In satisfying these requirements, we worked out a 
system covering the 225 mi., which operates with only 
three men regularly on duty, looking after the line and 
substations. This attendance is supplemented by 
monthly patrols of the line, using men from the local 
distribution organizations, and by daily inspections 
of the primary substations, utilizing members of the 
local supervisory organizations. These inspectors are, 
of course, supplemented by sending in our regular 
line and substation crews to do maintenance work when 
inspections indicate this to be necessary. Based on a 
comparison of the line design with that of existing 
lines, we do not expect an average of more than one 
major interruption per year on this line, and in general 
expect this to be of not over7 or8 hours’ duration. There 
will, of course, be a number of momentary interruptions 
of one to two minutes' duration during the lightning 
season. One year’s operation seems to be Justifying 
our assumptions. | 

Considering the line construction, most of the 
distance the conductors are 397,500-cir. mil steel re- 
inforeed aluminum. Structures are of creosoted pine 
poles, 65 ft. high, with 8-in. tops, each structure being 
an H-frame consisting of 2 poles and a creosoted pine 
crossarm (6 in. by 8 in.), 32 ft. long. These structures 
are spaced on the average of a little over 1000 ft. apart. 
Insulators consist of 8 and 9 units for suspension and 
strain service. Poles are set approximately 7 ft. deep, 
and where soft ground is encountered, all structures are 
side guyed. In better ground, alternate structures are 
guyed. Galvanized tension rods are provided for 
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bracing the cross arms, апа tying them in with the 
tops of the poles. All hardware is grounded, there 
being two 4-lb. copper grounds per structure, one on 
each pole,—these terminating in ground pipes one in. 
in diameter and 8 ft. long. Two caps wires are provided 
which are of 9$-in. Siemens Martin steel. These wires 
are insulated on 20,000-volt pin-type insulators, and 
serve a number of purposes. In the first place they 
stabilize the line mechanically, serving as head guys 
on each structure. They are also utilized in connection 
with a 500-cycle supervisory control system, to control 
certain substation switches and also motor operated 
switches which are placed at intervals of 15 mi. along 
the line, these being operated by the supervisory control 
system referred to, and power being supplied by small 
local 12-volt storage batteries. These cap wires are 
transposed at three points between sectionalizing 
switches and at sectionalizing switches, and are supplied 
with drainage units at sectionalizing switches and sub- 
stations. They can therefore be used as an emergency 
communication system, and for this purpose are pro- 
vided with drops at two-mile intervals which extend 
down the poles and terminate in small protective equip- 
ments, so that a patrolman can plug in a portable test 
set and secure communication with adjacent substations 
during line interruptions. These cap wires also ter- 
minate in telephone equipment at the various primary 
substations. Finally, being provided with drainage 
units and grounded through same, these cap wires 
serve as ground wires to some degree. We are satisfied 
they have considerable value in this respect, but as yet 
do not know just how effective they are as compared 
with the ordinary ground wire. 

Considering next the substations, these are as 
near automatic as they can be made without going to 
undue complications. A typical substation consists 
of a tap on the 110 kv. line, with air break switches on 
each side, coming to an air break switch in the sub- 
station. Following this switch, which ordinarily is 
supervisory controlled, there is a 110-kv. fuse. Follow- 
ing the fuse are the transformers, which are in all cases 
out of door and self-cooled. It will be noted that no 
110-kv. arresters were provided, as our experience 
indicated that on these small substations it is good 
economy to omit them. From the transformers, con- 
nections go to a double, low-voltage bus, the voitage 
being 44 kv. in some cases and 11 kv. in others. The 
various transformer and feeder switches are equipped 
with various relays, depending upon service required, 
and wherever possible, they are automatically reclosing. 
At three of the substations, Lock 18, Demopolis and 
Meridian, 110-kv. oil circuit breakers are provided in 
the main line; these, in the case of Lock 18 and 
Demopolis, being provided with CZ relays and auto- 
matic reclosers. At Meridian and Hattiesburg, syn- 
chronous condensers are installed which are fully 
automatic and provided with various protective relays, 
so that they will take care of themselves during line 
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interruptions. Communication is provided along this 
line by means of antenna-coupled carrier-current sets, 
which are installed at all substations. In practically 
all cases these sets are remote controlled from the 
nearest city office, which in most cases is several miles 
away. As mentioned before, emergency communica- 
tion between substations in case of line interruptions 
is provided by the cap wires. 

The only substations along the 225-mi. of line where 
men are regularly on duty are at Lock 18, Meridian, and 
Hattiesburg. At Meridian a man is necessary because 
this is a dispatching point. His presence is made 
further advisable by the synchronous condenser in- 
stalled. The condenser at Hattiesburg makes it 
advisable to maintain a man at this point also. 

Transmission lines still constitute the weakest link 
in the chain between generating station and customer. 
The question of ground wires is still a mooted one but 
the majority of southern operators, after from 15 to 20 
years’ experience, feel sure that they are justified on 
important lines and afford material protection against 
lightning. The new 154-kv. lines being built in Ala- 
bama and Georgia are being over-insulated, but the 
equipment is not. For its protection, a weak link will 
be put in the lines near the substations by leaving 
off two or three of the insulator disks. On the question 
of high-voltage lightning arresters opinion is much 
divided. On the Southeastern Power and Light Co. 
system we feel that in the more important stations the 
transformers should be given the benefit of the doubt 
and arresters installed. Routine annual testing of 
transmission line insulators is now carried out by most 
companies. Some use a megger but the majority use 
the buzz-stick method. This has proved very satis- 
factory in eliminating defective insulators. Between 
the improvements in design and the elimination of 
defectives by various tests, the number of insulators 
punctured or destroyed by lightning is very few, 
nothing like the number we lost 10 years ago. It is 
still the general practise to patrol lines on foot 
at regular intervals with emergency patrol after every 
interruption. | 

With the growth and interconnection of systems the 
necessity of uninterrupted communication circuits 
has grown in importance. Important stations and 
load dispatching centers are usually coupled by several 
private land-line circuits as well as by Bell system lines 
wherever possible. In the last two years extensive 
use has been made of the carrier-current telephone 
system, and exceptionally good results have been ob- 
tained. On the Southeastern Power and Light Co. 
system carrier-current sets are now being installed in 
Atlanta and Birmingham in the load dispatchers’ 
offices to permit immediate communication between 
load dispatchers on the two systems; also, for the 
purpose of intercompany commercial calls. They are 
being used regularly for load dispatching on over 1000 
mi. of transmission lines. An accurate check was kept 
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of the calls for 75 days, and 86 per cent of them were 
completed. The failure to complete most of the re- 
maining calls was due to the operator called being 
where he could not hear the signals. 

Oil circuit breakers continue to be one of the most 
important factors affecting satisfactory long distance 
transmission and system interconnection. Here again 
the increase in capacity of transmission lines and the 
concentration of power necessitate ever increasing 
capacity in the oil circuit breaker. Today short circuits 
of 1,000,000 kv-a. are possible in the Birmingham 
District substation and of 750,000 kv-a. at Atlanta. 
The additional tie lines between Alabama and Georgia 
will cause a complete change in 110-kv. oil switches in 
all of the Atlanta district oil switches. The general 
layout of the Southeastern Power and Light Co. 
system is such that we believe we shall continue to give 
best service by operating on so-called solid ties as 
compared to the loose link method, and limiting short 
circuits by opening it up at certain predetermined 
points. Later we shall probably add 110-kv. reactors 
through which normally no current flows. In contrast 
to this the Southern Power system operates to much 
better advantage on the loose-link coupling. Because 
of lack of sufficient data on the performance of high- 
capacity oil circuit breakers under full rating, a group 
of five large utilities formed about two years ago an 
Informal Committee on Cooperative Oil Circuit 
Breaker Tests. The breakers to be tested were bought 
by the interested companies and tested under actual 
system operating conditions. Manufacturers’ repre- 
sentatives were invited to be present when their switches 
were tested. Much important information was gained 
and we feel that definite improvements in design have 
resulted directly or indirectly from these tests. As the 
Alabama Power Company’s part, tests were made 
during 1926 and 1927 on six 44-kv. breakers of four 
different manufacturers and one 110-kv. breaker. 

To summarize: The past four years have witnessed 
a growth by all utilities in the southeast. Additional 
and higher capacity interconnections have been made. 
Individual system operation has been improved as has 
coordination between systems. More use is being 
made of interchange facilities. More careful forecasts 
of load growth are being made and more careful system 
planning to handle such growth is being done. Ad- 
vantage is being taken of the lower costs of larger units 
and particularly of the improvement in efficiency of 
the modern steam generating plants. Long distance 
transmission is growing more reliable. 

But there are still many problems unsolved or only 
partially solved. Load dispatching grows more difficult 
and complicated with the growth of systems. From 
the standpoint of protection to service proper relaying 
will continue to require much study. The division of 
load between parallel circuits, the control of wattless 
current, system stability, and more reliable oil circuit 
breakers are problems worthy of the best engineering 
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brains in the industry. As hydroelectric stations 
decrease in size, more automatic ones will be constructed 
to keep down the cost per kw-hr. The future will 
probably see still larger steam plants with larger units 
located at the mine mouth, when water is available 
there, and others as near to large load centers as avail- 
able condensing water will permit. These will, in 
turn, bring up the problems of still heavier main trunk 
transmission lines operated at higher voltages than at 
present generally used in the southeast. The last 
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word has not yet been said regarding lightning 
protection. Improvement in communication circuits 
also offers a fertile field for study. | 

If the record of the industry for continued reduction 


‘in cost per kw. and per kw-hr. is to be maintained and, 


at the same time, the service carried farther and 
farther afield to thinner and thinner territory, there is 
no danger of our engineers running out of work. 

| Discussion 

For discussion of this paper see page 408. 
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Some Aspects of Pacific Coast Interconnections 
| BY P. M. DOWNING: 


Member, A. I. E. E. 


Synopsis.—T his paper tells in general of the reasons for, and 
the advantages of, interconnection between power supply systems. 
It enumerates five essential factors which must be considered in 
successful operation of interconnected systems; namely, (1) 
dependable communication; (2) centralized authority and control 


NTERCONNECTION, as that term is used when 
applied to the electrical industry, means nothing 
more nor less than the pooling of the production and 

distribution facilities supplying power within a given 
area. It differs from transmission in that intercon- 
nection implies the transfer of energy from one system 
or area having a surplus to another system or area 
having a shortage, whereas transmission implies the 
transfer of energy from the point of production over a 
considerable distance to the point of usage. 

Electric service was once local in character but with 
the advent of higher voltages, which made possible 
the transmission of power over greater distances, 
communities which theretofore had been supplied from 
local generating plants found it to their advantage to 
intereonnect with other adjoining systems as a most 
logical and common sense way of making a more bene- 
ficial use of existing facilities. | 

Interconnection does not necessarily imply capital 
consolidation of the power supply systems involved. 
There are many instances where two or more indepen- 
dent systems are operating very successfully under 
contracts or working agreements that permit of 
economies not possible under separate operation. Very 
often, however, all of the advantages to be had from the 
interconnection are not obtained under contractual 
arrangements, due to the lack of sufficient flexibility 
in the contracts or working agreements in effect. To 
obtain maximum economic and beneficial results from 
interconnection, control and management should be 
If power is to be distributed under the most 
favorable conditions, more than anything else there 
must be local territorial monopoly. No state, however 
richly endowed with water power, coal, oil, or other 
fuel, can make maximum beneficial and economic use 
of its facilities without interconnection. 

At various times we hear of “giant power" and 
“superpower” systems. While these fascinating 
phrases probably make a stronger appeal to the im- 
agination of the lay mind than does the more homely 
and commonplace expression "interconnection," aside 
from the generally accepted idea that giant power 
implies state or federal ownership, they mean sub- 
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over operations; (8) location and isolation of trouble; (4) voltage 
regulation and control over the entire system; and (5) frequency 
control. A description is given of the interconnections along the 
entire Pacific Coast. 


stantially the same as does interconnection and all seek 
to accomplish the same end. 

Some of the more enthusiastic proponents of giant 
power have gone so far as to suggest that there should 
be high-voltage lines of large capacity connecting 
different power-producing and power-using areas within 
the radius of practical electrical transmission, thus in 
effect producing a single pool of.power into which all 
generating stations would deliver power and out of 
which all distributing systems, irrespective of owner- 
ship, would take delivery of such amount as they would 
need. From an idealistic standpoint such an arrange- 
ment would probably be well nigh perfect, but from a 
practical and economic standpoint the investment in 
transmission facilities would probably be so great that 
the purpose sought to be accomplished would be 
defeated. 

Some of the more important advantages to be gained 
by the interconnection of two or more different power- 
supply systems are the following: 

1. Greater reliability of service and increased econ- 
omies. In case of a shortage of power due toaccidentsto 
equipments, other similar equipment on the intercon- 
nected system can supply the shortage until repairs 
are made or other units put into service. Under normal 
conditions, the more efficient units can be operated, the 
less efficient being held in reserve and operated only in 
emergencies. 

2. Increased diversity, thus reducing the power 
requirements of the combined systems and by improving 
the load factor, reducing the capital investment in plant 
facilities. 

3. Common use of reserve or spare capacity, thus 
further reducing the capital investment in plant. 

4, In cases where the network is supplied with 
power from both steam and hydro sources, the hydro 
stations can be operated continuously at full load when 
water is available, thus making a maximum beneficial 
use of water power and a minimum use of steam. Ona 
smaller system there would be much less opportunity 
of doing so. 

5. General availability of power over large areas, 
thus making it possible for factories to locate where 
raw material, labor, market conditions, ete., are most 
favorable. This is particularly important. as it permits 
manufacturing plants to locate in smaller towns and 
agricultural areas and use labor normally employed 
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during certain seasons only. In this way intercon- 
nection becomes an active force in the decentralization 
of population. 

Although there are many arguments in favor of 
interconnection as a most logical means of effecting 
economies, the extent to which power systems can be 
advantageously interconnected has certain limitations 
beyond which there is no advantage in going. Since 
the economies of interconnection lie in improved load 
factor, higher diversity, and greater use of existing 
facilities that is possible by combining loads of dis- 
similar character, it naturally follows that no great 
advantage would be gained by the interconnection of 
two or more systems unless by so doing these elements 
could be improved. 

Obviously, there would be no advantage, economic or 
otherwise, in making any considerable investment in 
facilities necessary to interconnect two or more systems 
supplying different areas if those systems had similar 
power supply and load characteristics unless such inter- 
connections would give a combined load of higher 
diversity, better load factor, improved service or one 
that would permit of a more general use of existing 
facilities. 

Unfortunately, the wide-spread discussion of this 
subject that has taken place during recent years has 
given the public the impression that it would be practi- 
cable to interconnect all of the power systems in the 
country irrespective of the distances at which they 
might be separated, and, by parallel operation and 
exchange of power, effect economies to a point where the 
cost of power to individual consumers might be reduced. 
Nothing could be further from the fact. In the light 
of our present knowledge of the art, the advantages 
of interconnection are regional in character and limited 
to a radius of 300 to 400 miles. 

Interconnection between various sources of electric 
generation and distribution on the Pacific Coast was 
the inevitable result of environment and economic 
pressure and became a reality almost immediately 
after the possibility of transmitting considerable 
quantities of power over long distances at high voltages 
had been fully demonstrated. 

In California, where perhaps more has been done 
in the way of unifying the ownership and operation of 
electric utilities than has been accomplished elsewhere, 
topography was an important factor in bringing the 
systems together. In the eastern part of the State, 
running north and south for hundreds of miles, are the 
Sierra Nevada Mountains, having hydro resources 
amounting to approximately 9,000,000 hp. In the 
extreme western part of the state lie the cities with 
markets for large blocks of electric power. Between 
the two are the wonderfully fertile agricultural valleys 
which, of necessity, had to be crossed by the trans- 
mission lines carrying power from the hydro plants in 
the mountains to the cities on the coast. The result 
of such a situation was the construction of a number of 
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transmission lines converging toward the cities as a 
common point of delivery. Later, by a natural process 
of consolidation, various systems were united into 
larger units which were in turn interconnected, thus 
forming a network of lines which permits of a ready 
exchange of power between areas supplied from a 
system under a single ownership and management or 
among several systems under separate ownerships and 
managements. 

The powerhouses and transmission lines in Cali- 
fornia as shown on the accompanying map can all be 
interconnected to form a single network covering the 
entire state. Ordinarily there are three major con- 
nected groups. The first includes: California-Oregon 
Power Company, Pacific Gas and Electric Company, 
Snow Mountain Water and Power Company, City and 
County of San Francisco, Utica Mining Company, 
Coast Counties Gas and Electric Company, Truckee 
River Power Company. 

The second: Great Western Power Company of 
California, San Joaquin Light and Power Corporation, 
Merced Irrigation District, Feather River Power 
Company. 

The third: Southern California Edison Company, 
Southern Sierras Power Company, City of Pasadena, 
Bureau of Power and Light, City of Los Angeles, San 
Diego Consolidated Gas and Electric Company. (See 
Fig. 1.) | 

Along the route of these transmission lines, running 
from the hydro plants on the western slope of the 
mountains to the larger cities along or near the coast 
were many smaller cities, towns, and agricultural 
communities. Some of these were supplied with power 
from small isolated plants, while others were without 
electric service. These small plants were inefficient 
and the opportunity to shut them down and obtain 
hydro power from transmission sources at less than it 
was costing to produce it locally was welcomed by all. 
At the same time the load thus obtained afforded a 
ready and quick revenue to the transmission systems. 
As a result of these mutual advantages, practically ail 
of the isolated plants were abandoned very shortly 
after power was available from transmission sources. 
Eventually most of these small plants, together with 
the distributing systems, were taken over by the larger 
companies and became a part of a larger and more 
extensive network. 

The agricultural areas were greatly benefited by 
the extension of these transmission lines. California 
is essentially an agricultural state, having a wet 
season and a dry one. Its semi-arid climate necessitates 
irrigation during the summer months and in certain 
localities at the lower elevations reclamation pumping 
is necessary during the winter months. By installing 
step-down transformers at various points, electric 
power was made available for both of these uses. 

Some indication of the extent to which electric power 
is being used for agricultural purposes may be obtained 
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from the fact that the more than 35,000 irrigation 
pumping installations in this state represents a greater 
number than is to be found in all of the other states 
combined. But pumping is not the only use made of 
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electric power by these agricultural communities. This 
is evidenced by the fact that of the almost 1,700,000 
electric consumers in the state, approximately 800,000 
or 20 per cent are outside of incorporated cities and 
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towns. When it is considered that the agricultural 
business is the least remunerative of any that is served 
by the supplying companies, it will at once be apparent 
that the rural communities have benefited greatly by 
the fortunate fact that nature has placed them between 
the source of power supply in the eastern part of the 
state and the principal market in the western part. 

While California is generally recognized as having 
pioneered the long distance transmission of power and 
pointed out the advantages of maintaining intercon- 
nections between systems supplying adjacent territory, 
the field of interconnection has not been limited to this 
state. On the contrary, it has been extended until 
it now includes Oregon, Washington, Nevada, Idaho, 
and British Columbia. Physical connections between 
systems operating in these various states are maintained 
and, if found desirable, they could all be connected 
into a common network. As a practical matter, 
however, this has never been attempted. The most 
extensive interconnection that is continuously in reg- 
ular operation is that between the California-Oregon 
Power Company, supplying the central and southern 
parts of Oregon and the northern part of California, 
the Pacific Gas and Electric Company, supplying the 
northern and central parts of California, and the 
Truckee River Power Company supplying the western 
part of Nevada. Involved in this interconnection are 
4760 mi. of high-voltage lines, 546,000 kw. of hydro 
generating capacity, and 183,000 kw. of steam generating 
capacity. 

Although the diversity of load found on most large 
interconnected systems tends to materially improve 
the load factor of the system, nevertheless, from a 
strictly economic standpoint, it is still desirable, if best 
operating results are to be obtained, to maintain a ratio 
between hydro and steam capacities that will call for 
base load being carried on hydro and peak and emer- 
gency loads on steam. The ideal relationship between 
. these two sources of power supply will depend upon a 
number of elements, among which the chief are, 
load factor, relative capital costs of steam and hydro 
installations, eost of fuel, ete. With a load that is 
continually growing and the economic advantages that 
come from the construction of larger generating plants, 
as compared with those of smaller capacity, the ideal 
allocation of load between hydro and steam to obtain 
maximum economy of operation is seldom, if ever, 
obtained. . 

From the standpoint of continuity of service, steam 
plants play a less important part today than they did a 
few years ago. Several factors have contributed to- 
ward bringing about this change. In the first place, 
as the number of hydro plants feeding into an inter- 
connected network is increased, temporary cessations 
of operation of one or more generating stations whose 
output represents a comparatively small percentage of 
the total have but little effect on the general service 
of the system as a whole. A similar situation obtains 
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in the case of transmission lines. However, a much 
more important factor in improving service in so far as 
transmission is concerned is due to the better quality 
and design of insulators that are now available and the 
better and more substantial physical construction used. 

Some indication of the dependability of service from 
hydro sources may be had from the operating records 
of Pacific Gas and Electric Company for the year 1927. 
Climatic conditions in California during the past year 
were such as to afford an abundant water supply at all 
hydro plants. The steam plants located in the more 
important cities were floated on the line as a protection 
against interruptions to service that might occur in 
case of transmission line trouble. By operating in this 
manner the load carried on steam was reduced to a 
minimum. With a peak load of 489,568 kw. and an 
energy output of 2,380,000,000 kw-hr. less than 0.9 per 
cent of it was produced by steam. 

Some of the more essential features that must be 
given consideration in connection with the operation of 
interconnected systems are: 

1. Dependable communication, 

2. Centralized authority and control over operations, 

3. Location and isolation of trouble, 

4. Voltage regulation and control over the entire 
network, | 

5. Frequency control. 

One of the most important adjuncts in connection 
with the successful operation of any large interconnected 
network of transmission lines is dependable communica- 
tion. This is particularly important in the case of the 
large and more important generating stations and dis- 
tribution centers. Under normal operating conditions 
where the distances are not too great, satisfactory 
communication can be very readily provided by carry- 


ing the communication circuits on the same supporting 


structures that carry the power circuits. Unfortunately, 
however, with this type of construction, when trouble 
occurs on the power circuits, the inductive disturbances 
to the communication circuits are generally sufficient 
to make them inoperative when they are most needed. 
The use of such circuits has, therefore, been very largely 
limited to local and routine service rather than for 
handling the more important dispatching service. 

Much more dependable communication can be had 
over circuits independent of and located a sufficient 
distance from the power line to be out of range of in- 
ductive interferences. Most of the larger power 
systems in the West have communication systems of 
their own independent of the power systems, or lease 
from the telephone companies, circuits for their own 
exclusive use. 

Recent developments in carrier-current radio equip- 
ment give promise of providing a cheaper and more 
dependable means of communication between different 
stations on a transmission network than any other now 
available. This method of communication differs from 
ordinary broadcasting in many respects, First, the 
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carrier current is superimposed on the power lines at 
a frequency below that used by regular broadcasting 
stations, thus avoiding any interference of one with the 
the other. Second, it can be installed on any voltage 
power line and is not materially influenced by switching, 
short circuits, or other transient disturbances on the 
power circuit. Third, in the case of long lines the first 
cost of the installation is less than that of a metallic 
circuit. Fourth, it has all of the flexibility of a metallic 
system. | | 

The most recent installation of this kind is that on the 
Pacific Gas and Electric Company’s 220- and 110-kv. 
lines running between the hydro plants on Pit River and 
the load dispatcher’s office in Oakland, a distance of 
approximately 240 mi. Although couplers have not 
yet been installed around the transformers used for 
stepping the voltage down from 220,000 to 110,000 
volts, communication between stations at the extreme 
ends of these lines is better and during the few months 
the system has been in operation the service has been 
more dependable than that over an independent 
metallic circuit running between the two places. 

The success attending the operation of large inter- 
connected networks is due in a very large measure to the 
fact that authority and control over the details of opera- 
tion are centralized in the load dispatcher. In emer- 
gencies his authority is supreme. То: successfully 
handle the important duties of this position calls for 
good judgment, resourcefulness, a thorough and 
complete detailed knowledge of the entire systems, 
but more important than anything else the ability 
to think quickly and act with decision when trouble 
occurs. So important is this position that service 
from an interconnected network may be good or 
bad depending on whether the dispatching is handled 
well or otherwise. Allocation of load among the 
various generating substations and over the different 
lines in a way that will make a maximum beneficial 
use of the more efficient plants or equipment conserve 
water or fuel and at the same time be prepared to meet 
any operating emergency that might arise, are some of 
the more important responsibilities of this position. 


Under normal operations, these conditions can be met 


without any great difficulty but once the regular operat- 


ing routine is upset by storms, breakdowns, water - 


- shortage, or otherwise, the resourcefulness of the 
load dispatcher may be taxed to the limit in his efforts 
to maintain service. 

Where generating stations and switching centers are 
separated by distances sometimes as great as several 
hundred miles, there is always the liability of partial 
or complete failure of the communication circuits con- 
necting into the load dispatcher’s office. To meet 
emergencies of this kind, dispatching orders are gen- 
erally designated by code numbers. By referring to 
them in this manner, the time required to issue the 
order is reduced to a minimum. Also the liability of 
mistakes occurring where orders have to be repeated one 


SYMPOSIUM ON INTERCONNECTION 


397 


or more times before reaching the station to which it 
is issued, is also minimized. 

Localizing and isolating troubles that might be 
serious enough to interrupt or impair service over a 
considerable area is another big problem that comes 
up in connection with the successful operation of an 
interconnected network. At one time this was more 
or less a matter of guess work. Practically all switches 
were manually operated. Such instruments as were 
available were less reliable than those of today and 
were not designed to indicate the direction of trouble 
from where they were installed. Alert attendants, 
expert at guessing correctly the location of trouble 
and having the athletic ability to open the right 
switch in the shortest possible time, were therefore 
greatly in demand. Present day equipment has 
materially simplified this situation. Automatic over- 
load, low-voltage, reverse current, time limit, reclosing, 
and other similar relays have almost entirely superseded 
manual operation in modern up-to-date installations. 
The almost uncanny dispateh and precision with which 
these devices function has brought about a greatly 
improved service and, by reducing man розев е а ишп 
more economical service. 

As an interconnected network grows and the amount 
of power delivered into it increases, the necessity of 
having dependable switches becomes of increasing 
importance. The construction of high-voltage switches 
has been materially improved during recent years, but 
there has been practically no change in the general 
design. Failure to keep pace with the development of 
other facilities used in connection with the production 
and transmission of high voltages has made them the 
weakest link in a power system. 

The first attempt to build switches for operation at 
voltages as high as 60,000 was made in 1899 by the 
engineers of the Bay Counties Power Company, now a 
part of the Pacific Gas & Electric Company’s system. 
The consolidation and interconnection of a number 
of smaller systems soon made it apparent that switching 
eould no longer be done on the low voltage side of the 
transformers. 'The manufacturers had not yet devel- 
oped switches for this voltage. 'To meet a situation 
precedent to the giving of satisfactory service from an 
interconnected network, it was necessary for the com- 
pany to design and build its own high-voltage switches. 
The first attempts were necessarily erude. Entrance 
bushings suitable for operation at 60,000 volts could 
not be had. To further increase the electrical factor of 
safety, the conductors leading through these bushings 
into the switch contacts were heavily insulated with 
varnished cambric. Such small porcelain bushings as 
were available were mounted in well seasoned wood tops 
and the oil containers were ordinary fiber or pressed 
paper washtubs. The three legs of the switches were 
insulated from each other and from the ground. 

Improvements in the design and manufacture of 
bushings have to a very considerable extent eliminated 
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the inflammable material used in the original design and 
present day switches are much more rugged and de- 
pendable than those of 25 years ago. Although these 
improvements have added to the mechanical and 
electrical efficiency of the equipment, they have also 
increased their first cost to a point where, with the 
usual number of air switches for by-passing and cutting 
out the oil the high-voltage switch equipment in a 
modern generating plant represents an investment equal 
to 50 per cent of that in transformers. 

No other piece of electrical equipment offers greater 
opportunity for improvement than do high-voltage 
switches. This is becoming more and more apparent 
asvoltagesinerease. The very satisfactory operation of 
the two 220,000-volt linesin California has proved beyond 
question the practicability of going to even higher 
voltages just so soon as the economics of the situation 
warrant. What the future may bring forth in the way 
of improvements in high-voltage switches remains to be 
seen. Thus far the vacuum type switch has given more 
promise of relief than any other that has been proposed. 
Laboratory tests have shown that there is practically 
no deterioration or damage to the contacts after opening 
a 15,000-volt circuit carrying 120 amperes more than 
500 times. If this type of switch can be developed toa 
point where it can be used on a commercial basis, 
there is every reason to believe that it will rapidly 
supersede the present oil type. 


If electric utilities fulfill their obligations to serve 
the public, they must be able, ready, and willing to 
supply at proper rates any kind or character of load 
that may be offered them. Much of the load on a 
general power supply system will be of low power 
factor and unless a consumer is penalized because of the 
low power factor of his load or is offered some induce- 
ment in the form of reduced rates or otherwise to 
warrant his providing the necessary facilities for 
Improving it there will be a considerable amount of 
wattless current on the system that will have to be 
taken care of somewhere. 


This may be carried on one or more generating sta- 
tions to suit operating conveniences or a much better 
plan, and one that becomes absolutely necessary as the 
length and voltage of the transmission lines increase, is 
to install synchronous condensers at or near the distribu- 
tion centers of the system. The number and capacity 
of such installations will depend on the voltage of the 
system, the load characteristics, the permissible varia- 
tion in voltage, ete., but whatever capacity may be 
needed to give proper service under normal operating 
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conditions, it is very desirable, if satisfactory service 
is to be given under abnormal conditions, to have a 
reasonable margin of spare capacity to maintain - 
adequate service in emergencies. 

Condenser installations сап be fully justified not 
only as a most satisfactory means of improving voltage 
regulation but they also have a tremendous economic 
value in that by improving the power factor, the amount. 
of power that can be carried over a given line is 
materially increased. 

Speed control on an interconnected system is a com- 
paratively simple matter. Irrespective of the number, 
size, or location of generating stations, one station does 
the governing. Local conditions determine which one 
can best perform this function. Ordinarily the station 
near the load center, where a sufficient governing 
margin can be maintained at minimum cost, is selected. 
Where a hydro plant does the governing it is desirable 
that one having sufficient forebay capacity to supply 
the varying drafts necessary to meet load fluctuations 
be selected. Where the network is supplied from both 
hydro and steam sources, especially where the latter 
is operated as a standby or reserve source of power 
supply there is but little, if any, economy in governing 
with steam. Maximum economy will be obtained by 
loading all hydro plants except the one doing the govern- 
ing, thus reducing the steam load to a minimum and 
keeping hot only enough boilers to pick up the pre- 
determined amount of load that is to be thus protected | 
against interruptions in case of trouble. 

To prevent see-sawing of load between different 
plants, the governors on the governing plant are ad- 
justed sensitive enough to operate on a minimum varia- 
tioninspeed. Those on the other plants are adjusted to 
operate only on the wider variations that would occur 
if and when for any reason they might become separated 
from the governing station. 

Ona reasonably large interconnected network of lines, 
carrying a highly diversified load, the instantaneous 
variations in load or what is ordinarily called the 
governing margin is comparatively small. In fact it 
is not at all unusual during short water periods to reduce 
this to practically zero and follow the gradual variations 
in load by hand control. On the system of Pacific Gas 
and Electric Company, with a peak of almost 440,000 
kw-hr. supplied to an area larger than any other inter- 
connected network in the West, the normal governing 
margin is between 1000 and 2000 kw. 


Discussion 
For discussion of this paper see page 408. 
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Synopsis.—T he development of power stations in the Chicago 
District is described, showing how small stations have been replaced, 
and the energy supply for light, power, and traction consolidated by 
the use of high-voltage lines. | 

Theinterconnections between stations and the developments of recent 
years and for the immediate future are outlined. — Thisincludes cables 


HE development of power producing equipment for 
the supply of electrical energy in utility service 
during the past quarter of a century has been 

greatly influenced by the development of electrical 
transmission of energy which has accompanied it. 

The ability to send energy economically from a 
principal point of production to numerous points of 
distribution was the prime factor in a period of develop- 
ment in which many small pioneer stations were 
replaced by a few larger power stations, with a consid- 
erable gain in economy of construction and operation. 

A sketch of the course of power station development 
in the Chicago District, which is typical of progress in 
general in this respect, may serve to illustrate some of 
the phases of this period of growth. 


PowER DEVELOPMENT IN CHICAGO 


At the time the pioneer turbine-driven units were 
being planned for installation at the Fisk Street Station 
in 1901-2 in the Chicago District, there were from 10 to 
12 power stations supplying electricity, 12 power 
stations supplying trolley and elevated train service at 
600 volts d-c., a total of 24 power stations generating 
electricity chiefly for use in a local area. Only two of 
these stations supplied power to areas outside the 
radius of direct economical distribution from the point 
of production, because transmission at higher voltages 
by eables was yet in its infancy. 

The year 1908 marked the inauguration of service at 
the Fisk Street Station at a generator voltage of 9000, 
chosen to make it available for transmission to sub- 
stations, from which local distribution was effected. 

The former generating stations being centers of 
distribution naturally formed the nucleus of this 
development, and lines to these points formed the first 
interconnections, since the stations were continued in 
operation for peak-hour purposes for some years before 
being abandoned. 

The production of energy at Fisk Street Station was 
attended by a material reduction in the investment per 
kilowatt of plant capacity, and this opened the way for 
the economical supply of energy for electric transporta- 
tion service which followed. 
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at 66,000 and 132,000 volts, with circuit capacities of 60,000 kv-a. 
A station in central Illinois, near the coal supply, is being tied 
in with the Chicago District. 
Interchange of energy between companies is conducted under an 
agreement, which is an important factor in the success of inter- 
connection. Some of the operating problems are outlined briefly. 


Thus, when rehabilitation of the equipment of the 
surface car lines followed the granting of new traction 
franchises in 1907, the additional power required was 
purchased and delivery was made over transmission 
lines to converter substations, whence 600-volt energy 
could be economically distributed. 

The former cable car service, which had required 10 
separate power houses, was converted to electric cars 
and these sources of power were abandoned, throwing 
this load to the electricity supply stations. 

Similar unification of power supply took place in the 
suburban areas. 

Within 10 years from the time the first turbine 
station went into service, the total number of power 
stations in Chicago and its suburbs had been reduced 
from 24 electric and 10 cable power stations to not more 
than 9 or 10 stations in all. Of these, five were pro- 
ducing the major part of the energy, the others being 
retained for use during peak-hours only. 

The merging of traction supply with general light and 
power load approximately doubled the load on the 
supply systems and made it possible to use turbo 
generator units much larger than would have been 
chosen if the power supply of the district had not been 
thus unified and consolidated. 

This advantage was by no means small, as the total 
turbo generator capacity installed during the first 
decade of this development amounted to about 275,000 
kw. in three generating stations, whereas the total 
capacity in the 24 electric stations in service in 1903 did 
not much exceed 100,000 kw. 

Progressive increases in the capacity of units were 
made as rapidly as the manufacturers could work out 
the problems involved, and the following tabulation 
of the maximum sizes of units and the year in which they 
came into service is of interest: 


Year first put into Maximum size of 


service turbo generator 
1903 Vertical 5,000 kw 
1906 ^ 8,000 * 
1908 ш 14,000 “ 
1912 20,000 * 
1913 Horizontal 25,000 “ 
1915 » 30,000 “ 
1917 ^ 35,000 “ 
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Development was retarded tor a few years by the 
events of the World War, but active growth was re- 
sumed in 1919 and in the Chicago District, in the middle 
western states, and indeed throughout the United 
States, proceeded at an unprecedented rate. 

The accelerated growth from 1919 on necessitated a 
complete readjustment of power station development 
programs in all large centers of population, and necessi- 
tated the choice of still larger units and station ca- 
pacities in the Chicago District. 

For example, the Calumet Station in South Chicago 
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was planned in 1919, on a pre-war basis, for six 30,000- 
kw. units, with the expectation that this would care 
for the requirements of growth in that District for 
perhaps 10 years. But, as a matter of fact, it had to 
be developed to full capacity in the second year, after 
the first unit went into service; that is, the sixth and 
last unit went into service in about four years, after 
construction was started on the first unit. 

The construction of the Crawford Avenue Station 
followed immediately upon the completion of the 
Calumet Station, and the first two units, of 50,000- 
and 60,000-kw. capacity respectively, went into service 
in the fall and winter of 1924-5. 

Subsequent installations in service and under con- 
struction at Crawford Avenue Station follow: (Fig. 1) 

1925 Unit No. 3 50,000 kw. rated capacity. 
1926 Unit No. 4 75,000 kw. rated capacity. 
1927 Unit No. 5 90,000 kw. rated capacity. 
1928 Unit No. 6 100,000 kw. rated capacity. 


The chart, Fig. 2, giving annual increments of 
maximum load in the City of Chicago, illustrates the 
demands for service which necessitated such a program 
of installation of power station capacity. 

In the suburban area, outside the limits of the city of 
Chicago, a similar process of consolidation of generating 
capacity, and elimination of smaller and less efficient 
stations was in process from 1912 on. 

To supply the northerly suburban area stations 
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were constructed at Waukegan, some 30 mi. north of 
the Chicago city limits, at Blue Island, about two 
miles southwest of the city limits, and at Joliet, some 
33 mi. southwest of the city. These stations supplied 
towns in the valley of the Illinois River and elsewhere 
in that section of the State, at 33,000 volts. 

These lines served to interconnect the Blue Island 
and Joliet Stations, and, in later years, the Joliet 
Station was interconnected with the station at Peoria. 

The Waukegan Station, being located on a large 
site where water from Lake Michigan is available for 
condensing purposes, has been developed as one of the 
larger stations of the interconnected Chicago group. 
It has a capacity of 110,000 kw., the third unit of 
50,000-kw. capacity having been put into service in 
1928. ` 

Similar developments took place in other parts of 
Illinois and in the neighboring states. 


DEVELOPMENT OF INTERCONNECTION 


The use of interstation tie-lines has been in general 
practise since power station development reached a 
point where two stations under the same management 
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Fic. 2—ANNUAL INCREASE SYSTEM Maximum, CHICAGO 
were located in such proximity as to make intercon- 
nection practicable. 

Such interstation lines were operated at the voltage 
of the generator. Later, the voltage used for trans- 
mission of the supply of energy to substations was more 
often employed. 

Interconnections of this type were of relatively 
small capacity until the size of generator units became 
such that an excessive number of circuits was re- 
quired to provide an adequate reserve for the larger 
units. 

In the Chicago District such interconnections were 
established between the Fisk Street and Northwest 
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Stations, a distance of about eight miles, at 12,000 
volts. | 

Other interconnections were made between stations 
in suburban districts at 33,000 volts, with overhead 
lines forming a part of the general transmission system. 

These interstation lines were however, of minor 
importance when compared with the transmission 
capacities necessitated by the rapid growth of the past 
10 years. 

The Calumet Station was located at South Chicago, 
13 mi. southeast of the Fisk Street Station, to provide 
a supply of energy for the great industrial district in 
that section of Illinois and Indiana. However, the 
unexpectedly rapid development of load made it 
necessary to transmit a considerable part of the energy 
produced there to the Fisk Street zone. This called 
for a group of lines having a capacity of the order of 
100,000 kv-a., and, since these must be underground 
cables, it was very desirable that the capacity of in- 
dividual cable units be as great as it was practicable to 
secure at that time from manufacturers of cables. 

This was accomplished by the selection of a 33,000- 
volt, three-conductor cable unit, having a capacity of 
15,000 kv-a., and these cables became the first link in a 
chain of interstation lines of high capacity, which have 
been installed since 1921 between all of the principal 
generating stations in the Chicago District. 

Unfortunately the development of “ionization” phe- 
nomena interfered with operation of some of these 
cables at 33,000 volts after about a year, and they were 
reduced to 22,000 volts, with, of course, a corresponding 
reduction in capacity. 

When the Crawford Avenue Station went into service, 
cables forming a part of the 22,000-volt system were 
converted into a tie-line between that station and 
Fisk Street, and other cables were laid to Northwest 
Station as well. 

From Northwest Station a 33,000-volt cable of 
foreign manufacture was laid northward to Evanston 
to interconnect with 33,000-volt overhead lines of the 
Public Service Company of Northern Illinois. This 
formed an interconnection between Northwest Station 
and the Waukegan Station, some 30 mi. north of the 
Chicago city limits, and this cable has continued to 
operate at 33,000 volts without serious trouble. 

In 1924 it became apparent that the use of a much 
higher voltage would be necessary for overhead tie- 
lines to secure the required line capacity, and the first 
of a system of steel tower lines on private right-of-way, 
operated at 132,000 volts, was constructed from Calu- 
met Station to the Joliet Station, and to the Gary steel- 
making district in Northern Indiana. A little later 
this was extended to Michigan City, some 50 mi. east 
of the Chicago city limits. 

Following the extension of this line to Michigan City, 
a connection was completed from that point to the Twin 
Branch Station of the Indiana and Michigan Electric 
Company, near South Bend, Indiana. | 
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This was the first interconnection from the affiliated 
group of Chicago systems to one of outside ownership 
and is, at present, used to receive energy from Twin 
Branch for use in the Gary-Hammond District. It is 
also available as reserve to the Indiana and Michigan 
Electric Company when necessary. 

From Twin Branch, other lines extend east to Ohio, 
and thence to West Virginia and Pennsylvania. It was 
through this interconnection that the paralleling of a 
group of systems reaching eastward to Massachusetts 
was accomplished (for a few minutes) some months ago. 

Continuous parallel operation of the Chicago District 
with the Ohio system is fairly stable when more than 
10,000 kv-a. is being transferred from one system to the 
other. 

More recently, parallel operation was carried on for 
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Fig. 3—INTERCONNECTION CHICAGO DISTRICT, 1929 
over an hour with the Ohio system, while it was tied in 
with lines extending through West Virginia, Tennessee, 
and Georgia to Pensacola, Florida. The fluctuations were 
not greater at the Chicago end than under normal 
operation with the Ohio system only. 

Sufficient experience has been had to make it apparent 


that when the weaker links have been increased to be 


comparable with the stronger, these systems can be 
operated in parallel successfully for such periods of time 
as may be necessary to meet the needs of operation 
during emergency transfers of energy. ` 


CURRENT DEVELOPMENTS 

In view of the rapid absorption of the ultimate capac- - 
ity available at the Crawford Avenue site, where six 
of the 10 ultimate units will have been installed within 
five years, sites have been acquired at points on the 
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shore of Lake Michigan for future power development 
(Fig. 3 ). 

The first of these to be developed was Waukegan, 40 
mi. north of the center of Chicago, and about midway 
between Chicago and Milwaukee, where three units, 
aggregating 110,000 kw., are now in service, and build- 
ing has been provided for a fourth unit of 50,000 kw. 
rating. 

This station is connected to Chicago by a 132,000- 
volt line, with a capacity of 60,000 kv-a., which is over- 
head from Waukegan to the Chicago city limits; thence 
to Northwest Station it is underground. This six-mile 
link of 132,000-volt eable is one of two pioneer installa- 
tions put into service in 1927, the other being in the city 
of New York. | 

There is also à 132,000-volt overhead line, from 
Waukegan to Milwaukee, which acts as a reserve to the 
systems at either end. 

Power developed at this site is used as needed in the 
neighboring territory and the northern part of the 
Chieago system, where the load exceeds the capacity 
of the Northwest Station. This latter station is depen- 
dent upon a branch of the Chicago River for condensing 
water, and its further development is limited by the 
sluggish flow of this stream when rainfall is below 
average. 

Another site on Lake Michigan is at the Indiana- 
Illinois state line, on the Indiana side. The city of 
Chicago adjoins this property on the westerly side. 

Most of the land on which the station is to be built 
has been created by hydraulic dredging operations. 

The first unit of this state line station is under way 
and is to consist of a three-part unit, with high-and low- 
pressure elements so arranged as to be the operating 
equivalent of two units, aggregating 208,000-kw. 
capacity. This site will permit the installation of five 
units of this capacity, or a total in excess of 1,000,000 
kv-a. The first unit is planned to go into service in 
1929. 

This station will be unique in the Chicago District, in 
that all of its energy will be transformed to higher 
voltages and sent to other zones for distribution and 
utilization. 

Approximately half of the output of the first unit will 
be sent into the city of Chicago, and the remainder into 
northern Indiana and Illinois, outside of Chicago. 

Energy sent into Chicago will be carried by under- 
ground cables having a capacity of 60,000 kv-a. per 
circuit at 66,000 volts. 

Energy sent into the outlying territory will be carried 
by overhead lines at 182,000 volts, and to the neighbor- 
ing cities of Hammond and East Chicago at 33,000 volts. 

Within the city of Chicago, the use of 66,000-volt 
cables for transfer of large blocks of energy between 
stations was adopted in 1926, and several such lines have 
been in satisfactory service for more than a year be- 
tween Crawford Avenue Station and the Fisk Street 
and Northwest Stations. 
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A new type of distribution center, receiving energy at 
66,000 volts and distributing it at 12,000 volts in blocks 
of 4000 to 8000 kv-a., has been developed as a means of 
decentralizing the amounts of energy concentrated at 
generating stations on 12,000-volt busses. 

These distribution centers will have an initial trans- 
former capacity of 120,000 kv-a., and will distribute 
ultimately, about 200,000 kv-a. each. Being located 
midway between generating stations, they will effect 
economies in 12,000-volt eable which will offset other 
costs and result in a net saving in investment. 

The first of these distribution centers, to be known as 
Washington Park, will come into service in 1928, and 
will be located midway between the Fisk Street and 
Calumet Stations on the south side of the city. 

In Chicago and vicinity, the interchange of energy 
between power stations for the winter of 1928-9 at the 
peak hour is graphically depicted in Fig. 4. 
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District, 1928 


In this chart, the load in the station zone is indicated 
by the shaded portions. Where the zone load is greater 
than the station capacity, the overload is indicated by 
cross-hatching. The area of the circles is proportionate 
to the capacity of the respective stations. | 

Rights-of-way have been secured for overhead lines 
at 132,000 volts, connecting Joliet with Crawford 
Avenue Station, and for an outer belt line between 
Joliet and Waukegan, to be constructed as load con- 
ditions may make their installation advantageous. 

Much discussion and calculation has centered about 
the idea that energy should be produced at points near 
to coal mines, and sent thence by high-voltage lines to 
the electricity market, instead of sending the fuel to 
stations located in the districts where the electrical 
energy is produced. 

In the Chicago District, the major part of the fuel 
supply is brought from mines 200 mi. or more distant, 
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and the problem of delivering hundreds of thousands 
of kw. of energy by overhead transmission lines at such 
distances is by no means simple. 

Coupled with that problem is the one of finding a 
place where a supply of water for condensing purposes 
is present, as well as a supply of coal. 

In Central Illinois, a location has been found which 
approximates this combination. 

The Illinois River has a flow which is maintained in 
dry seasons largely because of the water supplied from 
Lake Michigan through the Chicago Drainage Canal. 
This river flows southwest from Joliet and passes to 
the west of the coal fields in central Illinois. 


A site has been chosen on the Illinois River, about 14 
mi. southwest of Peoria and some 70 mi. northwest of 
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Fig. 5—PowrnToN District, 1928 


the coal fields, from which the major supply of coal 
used in Chicago power stations is taken. A direct 
railroad connection from mines to this site has been 
provided. 

This site has been named ‘“‘Powerton,” and is now 
being developed for two units of 55,000 kw. each, 
the first of which will go into service in the fall of 1928, 
(Fig. 5). 

This station is to be operated by a separate company, 
whose business will be the generation of energy, which 
will be taken by the utilities serving the neighboring 
cities, such as Peoria, La Salle, Ottawa, Springfield, 
and Decatur. The remainder will be delivered to the 
Joliet District of the Public Service Company of North- 
ern Illinois, and perhaps, at times, to the southwestern 
part of the city of Chicago. 


The development of an economical station in this 
locality not only provides for future growth in this 
part of Illinois, but will effect large savings in fuel and 
operation cost, by producing energy now generated in 
smaller and, for the most part, much less efficient 
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stations. Most of these stations will be shut down, 
except for the peak-hour shift. 

The energy delivered to the cities north and east of 
Powerton willbe transmitted by overhead lines at 
132,000 volts. 

Nearby cities will be supplied by connecting into the 
33,000-volt system of lines now used for bulk supply 
in that part of the state, and through an overhead, 
66,000-volt system to Springfield and cities easterly 
therefrom. 


BASIS OF OPERATION 


The use of reserve generating capacity and low-cost 
energy to the fullest practical extent is facilitated in 
the Chicago District by the provisions of a three- 
party interchange energy agreement, which pools 
reserve capacity and permits the flow of energy to 
neighboring zones whenever the load in the immediate 
zone permits; or when the energy so transferred costs 
less than that produced in the neighboring zone. | 

The difference between the total capacity in the pool 
and the coincident maximum load of the three systems 
is taken as the group reserve (until a higher maximum 
has been established, or additional capacity put into 
service). | 

The percentage of group reserve is taken as the 
standard and any company having a reserve percentage ^ 
higher than the group percentage is compensated for 
the carrying charges on its excess station capacity, by 
the other company or companies whose percentage 
of reserve is less than that of the group. This permits 
the smaller companies to install larger units than would 
be possible if only the requirements of their individual 
systems were to be met, and thus gives them capacity 
for future growth at a lower investment cost, with 
higher operating efficiency. 

This is not accomplished at the expense of the larger 
companies (except temporarily), as they are able to 
draw upon the excess capacity thus created and so 
defer, for a year or more, additions to their own plants. 

The program of power station construction for the 
entire distriet is coordinated through a committee of 
two representatives from each company, which studies 
load increases in the various zones, and recommends 
to the executives the size and location of units to be 
added from year to year, their recommendation being 
made about two years in advance of the dates when 
the units are to come into service. 


This committee also has a subcommittee of load 
dispatchers, which meets weekly to arrange operating 
schedules for the transfer of energy from the more 
efficient stations to other zones at off-peak hr., to 
arrange a coordinated program of turbine outages for 
overhauling purposes, and, in emergencies, to confer 
by telephone and arrange relief where it may be 
required. 

The conditions, as they existed in one of the summer 
months of 1927, will serve to illustrate the way in which 
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the interchange energy agreement is accomplishing 
the result contemplated by the parties thereto. 


Company A B О Total kw 
System maximum....... 864,300 139,800 44,700 1,041,000 
Reserve capacity, kw..... 101,245 97,980 2,075 201,300 
Reserve quota (19%)..... 165,875 26,240 8,585 201,300 
Excess and *Deficiencies.! *64,630 71,740 *6,510 


Company “А” paid Company “В” for 64,630 kw. of 
reserve capacity, and Company “C” paid Company 
“B” for 6510 kw. of reserve capacity. Thus, Company 
“B” was reimbursed for an excess of 71,740 kw. in its 
reserve capacity. | 

During the same month, Company “А” delivered to 
Company “В” 9,135,000 kw-hr. Company “B” de- 
livered to Company “A” (in other zones) 16,936,000 
kw-hr., and Company “A” delivered to Company 
“С” 9,172,000 kw-hr. 

Of the total of 35,248,000 kw-hr. thus transferred, 
about 19,000,000 kw-hr. were delivered at off-peak 
hour, and resulted in a saving in fuel consumed of about 
$19,000.00 in that month. 

The three systems are operated normally in parallel 
with each other and with the Twin Branch Station at 
South Bend, most of the time. 

Parallel operation with the Milwaukee system is not 
normal, as this line is maintained, primarily, as a re- 
serve connection for use in emergencies. 

Interconnections with companies west and south of 
the Chicago District are also operated, for the most part, 
as reserve connections and are paralleled only as operat- 
ing conditions require-it. These lines are of small 
capacity and are not suitable for other than local reserve 
service. 

SUMMARY OF RESULTS 

The interconnection of power stations by lines of 
relatively large capacity has resulted as follows: 

a. the size of generating units is increased, while the 
total capacity and reserve for a district is decreased; 

b. the investment per kw. of capacity in generating 
stations and the total investment 15 decreased; 

с. the consumption of fuel is reduced by ability to 
give the more economical units the “base load" of an 
entire district; 

d. the reliability of service is enhanced by increased 
availability of the capacity and reserve in generating 
units, during emergencies and routine operating work, 
such as overhauling and repairing equipment. 


PROBLEMS OF INTERCONNECTION 


It has been apparent, from the foregoing recital of 
experience with plants in the Chicago District, that 
there are some problems which require solution before 
an interconnected group may realize the advantages 
sought: ‘These problems relate, chiefly, to the ability 
to control the division of energy between neighboring 
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stations and to make delivery continuously when oc- 


casion requires. 


The experience in the Chicago District indicates 
that these problems lie outside of the generating 
equipment almost entirely, and relate to the size, 
voltage, length, and other characteristics of the inter- 
connecting lines. 

When line capacity is high, and lengths are short in 
proportion to the voltage of transmission, the transfer 
of energy between stations is readily accomplished by 
governor control of the generating units. 


When lines are relatively long and have a capacity 
which is approached by the normal surges of synchro- 
nizing energy, which flow between the two sources of 
power, there is instability of operation, and lack of 


continuity is likely to result. 


The presence of several successive transformations 
in a tie-hne has the effect of increasing its impedance 
and is, thus, equivalent to an increase in length. More 
than two transformations (one each way) are to be 
avoided in such lines, if possible. 

In longer lines and in lines where the direction of 
flow of energy is at different times in opposite directions, 
it is often necessary that means of voltage control be 
provided. These are required to permit the receiving 
station to operate its bus at a voltage level suited to the 
requirements of the circuits supplying energy within 
its own area of distribution. 

Transformers with tap changers, adjustable under 
load, are finding a field of useful application in such 
situations. 

At the higher voltages the use of synchronous con- 
densers for voltage control are often found desirable 
through the ability to regulate the power factor of the 
system secured thereby. 

These problems have been met and dealt with in 
those locations where long distances are involved, as 
in California hydroelectric systems, more than in the 
industrial centers of the Middle West; but continued 
development of longer lines in these states suggests 
the probability that the problems related to line char- 
acteristics will be an increasing factor in the develop- 
ments of the next decade. 


CONCLUSION 


In reviewing the foregoing discussion, the author 
finds a predominance of illustrative data taken from 
experience in the Chicago District and Illinois, which 
raise in his mind the fear that the scanty reference to 
the interconnection work done in other important cities 
of the Middle West has left the picture incomplete. 
His apology is, therefore, offered with the explanation 
that had he been able in the time at his disposal to 
familiarize himself with the experience in such centers 
as Detroit, St. Louis, and Cincinnati, he would gladly 
have made use of it to illustrate some of the aspects of 
the relation of interconnection to power development. 
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. In conclusion, it has been shown that interconnection : 
and power development have already been well co- 
ordinated in some of the large centers of population. 

The coordination of major points of power production 
by interconnections in a group of states is under way. 

The next decade will see a continuing development 
of large power stations, joined by lines of high-voltage 
of great capacity, coordinating the supply of energy 
to great areas, as has been done in metropolitan 
centers of population. 
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stability limits of a power system. Comparison of super excita- 
tion, quick response excitation, and standard excitation. 

63. “Super Excitation to Protect Conowingo System.” 
Power, Vol. 67, Jan. 31, 1928, p. 272. 

. Brief description of special excitation for terminal condenser 
equipment on Conowingo system. 

64. ‘Electrical Characteristics of Transmission Circuits.” 
William Nesbit, Westinghouse Technical Night School Press. 

Very complete reference book of transmission line calculations. 
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Voltage Standardization, From a Consulting Engineer's 
Point of View. R. E. Argersinger, Trans. A. I. E. E., Vol. 46, 
1927, p. 172, (Discussion). 

65 (b). Voltage Standardization, Its Relation to the Intercon- 
necting Power Companies of the Southeast. H. J. Scholz, W. W. 
Eberhardt, and S. M. Jones, Trans. A. I. E. E., Vol. 46, 
1927, p. 187, (Discussion). 

65 (е). Standardization of Voltage Ratings for Power Systems 
and Equipment. А. E. Silver and A. L. Harding, Trans. 
A. I. E. E., Vol. 46, 1927, p. 175, (Discussion). 

65 (d). Voltage Standardization of A. C. Systems. F. С. 
Hanker and Н. R. Summerhayes, Trans. A. I. E. E., Vol. 46, 
1927, p. 161, (Discussion). 

The four papers discuss voltage standardization from the view- 
point of the consulting engineer, operating engineer and 
manufacturer. 
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Discussion 
PAPERS ON INTERCONNECTION AND ITS EFFECT ON 
POWER DEVELOPMENT 


Есім, MITCHELL, DOWNING, GEAR 

C. L. Edgar: Inasmuch as none of the papers in this sym- 
posium touches upon New England, it may, perhaps, be appro- 
priate for me to tell you, in a few words, what the situation is in 
that part of the United States. 

As you will see by the map in the accompanying Fig. 1, inter- 
connection has been carried on in almost every center in the 
New England States. Owing to the restrictive export laws of the 
State of Maine, there is no transmission line crossing the Maine- 
New Hampshire border, but in the other five states there is 

. Seareely a center of distribution which is not connected with some 
other center, either in the same or in one of the neighboring states. 

I have looked over the latest map of the intereonnection 
systems of the United States and have compared the density of 
these lines in New England with the remainder of the country. 
This comparison shows that, with the exception of Maine, the 
density is as great in the other five New England states as in the 
leading eastern states of New York, New Jersey, and Pennsyl- 
vania; perhaps not quite as dense as those centering around 
Chicago, but considerably more so than in any other part of the 
United States. Distances, however, are short and intercon- 
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nection has not attracted as much attention with us because of 
this fact as in some of the more scattered centers of the rest of 
the country. So much for the situation in New England. 
I am very much impressed with the papers in this symposium. 
They cover reduction in plant capacity, reserve capacity, sizes of 
generating units, reduetion in investments, differences in peak 
hours, and in fact all the various problems which have to do with 
deciding whether the time is ripe for interconnections and if so, 
how they should be brought about. 

They give considerable attention to what, in my mind, is 
one of the most important factors in connection with this whole 
subject, and that is the necessity of maintaining an adequate 
control over the operation of an interconnected group in order to 
secure maximum results. This is, perhaps, merely another way 
of saying that the load-dispatching system of an interconnected 
group is the heart of the whole question, and it must be solved 


not only from the engineering but from the executive standpoint 


on very broad lines. 
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They also discuss some of the difficulties arising from 
improper, inadequate, or unnecessary interconnection. It does 
not seem to me that they stress sufficiently the inadequacy of 
some existing interconnecting lines. Some engineers seem to 
assume that if two systems are connected together, even by what 
is commonly ealled a shoestring, they have accomplished their 
purpose. They are, in fact, going in the right direction, but have 
only made a poor beginning. The writers especially emphasize 
the interruptions caused by lightning troubles and improper 
insulators, and other questions of this same general character. 

One, at least, of the papers also refers to the effect which 
the introduction of high-tension underground cables is likely to 
have upon the entire interconnection problem. In fact, the 
writers seem to have covered all phases of the question. 

A year or two ago it was my privilege to present the problem 
of interconnection, especially in New England, before a body not 
at all connected with engineering or with public utility work. I 
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tried to explain what interconnection really meant in terms or in 
a language with which they were familiar. It may not be out of 
place, although I am talking to engineers, to make the same sort 
of comparisons that I did at that time. 

I started out with the statement that interconnection was no 
new problem. As far back as 1892, the three generating stations 
of the Boston Edison Company were connected together so that 
the one which was located on the water front, and therefore had 
condensing engines, could relieve the other two, which were 
located on interior streets and were running non-condensing. 
This was as much true interconnection as that which is shown in 
Fig. 2 and which has recently been given considerable space in 
the public press. Electricity was started in Boston and carried 
through to Chicago on the one hand and down into Florida on 
the other. I do not mean to imply by this statement that any 
current was actually carried, but this was the general inter- 
pretation that was put on it by the newspaper articles. What 
actually happened, of course, was that the three centers were 
connected together electrically, that the systems were all in 
phase, and that current actually flowed between all these points. 
The same thing happened when Boston and Chicago were 
connected together a year or two ago. 
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In trying to bring out the fact that intereonneetion was no 
new thing and that it was developing along absolutely normal 
lines, I used two illustrations of similar developments in our 
industrial or rather in our transportation life. 

The first of these was the federal or state construction of 
highways, and the second was the development of the privately 
owned steam railroads of the United States. Using the Lincoln 
Highway as an illustration of highway development, let us study 
the methods by which it is being brought about. 

Of course the title “Lincoln Highway" has kept this particular 
development in the publie eye. If it had been designed merely as 
a method of connecting up existing systems of roads so that a 
main thoroughfare thus would be created between New York and 
San Francisco, it would, as a matter of fact, have attracted very 
little attention. The name, however, caught the public eye, and 
today, or if not today at some time in the near future, one can 
travel from coast to coast seeing the Lincoln Highway sign 
throughout the entire distance. 

As a matter of fact, the road from New York to Philadelphia 
was in existence long before the name ‘‘Lincoln Highway" was 
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thought of. Some changes have been made, corners have been 
cut off, roads have been straightened, but these all would have 
come about in due course in any event. What is true between 
New York and Philadelphia is true between many other cities 
on the line of the Lincoln Highway. There were, of course, 


certain districts that were covered with automobile roads which 


were separated by many miles from other districts covered in the 
same way. These districts, where they came close to one another, 
were connected by a first-class road, and the Lincoln Highway, 
therefore, came into existence between these centers. Whereas 
the open gaps were small in the East, they became larger as one 
traveled westward, and even now some gaps are not yet filled. 
The Lincoln Highway, when completed, will be nothing more 
than an interconnection system, enabling the citizens of one city 
to travel to neighboring cities, and citizens of those, in turn, to 
travel to other cities, and so on ad infinitum. The problems 
which have arisen in the development of this transportation 
system have their exact parallel in the development of our inter- 
connecting systems. 

Another illustration: The steam roads of our country, a half 
century ago, were in a situation similar to that of the automobile 
roads of fifteen years ago, or to our power line situation as it is 
today. The interconnection in steam roads has been practically 
completed, whereas the automobile interconnections are in 
process, and the power-line interconnections are progressing to 
almost the same extent. | 

Referring to the railroad analogy, the Pullman Company, by 
an arrangement with all the roads, has enabled passengers to go 
from New York to Chicago, or from Chicago to San Francisco, 
without change. It is merely an interconnecting system, 
providing an interchange of passengers from one community to 
another with ease. 

If the Pullman Company did not exist and there were no com- 
pany doing their sort of business, the effect upon the railroad 
companies’ investments would be tremendous. If the Penn- 
sylvania Railroad, for example, had to own all the parlor, 
sleeping, and dining cars required to take care of the peak of its 
business, and every railroad in the country had to do the same 
thing, the number of cars of this character necessary to be 
owned by all the railroads would be far in excess of the number 
now owned by the Pullman Company. If, in order to preclude 
some of this tremendous investment, an arrangement were made 
between these companies for borrowing one another’s equipment, 
it would cut down some of this investment, but it would not 
nearly reach that which now exists as a result of the Pullman 
Company’s existence. 


For example, the New Haven Railroad, on the day of the 
Harvard-Yale race at New London, or of tlie football game, either 
at Cambridge or New Haven, has to eall upon the Pullman 
Company for a number of parlor cars far in excess of what the 
New Haven Company would own if it had to supply its own 
equipment. Possibly it might borrow & few from the Pennsyl- 
vania on the one hand and from the Boston & Maine or the 
Boston & Albany on the other, but if these cars did not happen to 
be idle or located at the proper terminal, they could not be 
depended on with any degree of certainty. These things are 
well known to all travelers. 


Here again the parallel between railroad intereonnection and 
power-line interconnection is very clear. The Pullman Com- 
pany in the railroad world is equivalent to a reserve in the power 
industry which ean be shifted from one section to another as the 
needs for it arise. For the same reason that interconnection 
among the railroads has enabled the products of one district to be 
easily transported to another and thus to be of advantage to 
both districts, the construction of these interconnecting power 
lines is enabling water powers, on the one hand, and steam powers 
on the other, to work hand-in-hand. Until very recently steam 
powers could not avail themselves of the advantage of cheap 
water power for their base load, neither could water powers gain 
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the advantage of steam connections for reliability. This 
development, therefore, has marked a new era in combining the 
advantages of steam and water power into one enterprise. 

The conclusion that I want to draw from all this is that the 
highways for automobile traffic and the power lines of the 
country are all working in the direction of saturation, a saturation 
which was achieved by the steam railroads many years ago. The 
electric power companies and electric interconnections are going 
through exactly the same program that the steam roads went 
through when they were in process of building. 

Interconnection is just as inevitable in electric circuits as it is 
in the world of transportation. The various steps by which this 
will be brought about are just as unknown as they were in the 
railroad world a quarter or a half century ago. All that we can 
say is that they are bound to come if experience in other lines 
is any criterion. 

If a word of warning is needed, it would be well to bear in 
mind that there are many cases in existence where railroads have 
built unwisely and unnecessarily. Possibly when the construc- 
tion was undertaken, the needs were apparent, but in the light 
of later years the need has disappeared. This is also true, pos- 
sibly to a lesser degree, in highway construction. 

We must realize that interconnection in itself is not a panacea 
for all ills. It must be used intelligently, having in mind not 
only the light of today, but the probabilities of tomorrow. It 
is the preparation and presentation of papers like these which will 
do more than any other one thing to prevent the mistakes of the 
future. 


A. C. Marshall: In Mr. Eglin’s paper it is pointed out that 
the advantages of interconnection arise from diversity of one 
kind or another, which leads to a consideration of the many 
kinds of diversity which exist, some of which are often overlooked. 

There may be diversity as to the shape of the daily load curve, 
or diversity as to the annual load curve. There may be diversity 
not only as to the annual load curve but also as to the annual 
variations in available capacity, such as changes in water-power 
capacity in wet and dry seasons. There may be diversity due 
to latitude and longitude, and there should be, of course, the 
artificially made diversity as to the program of construction in 
the two systems. There may be diversity in the character of 
population—in their habits of living, working, and play. There 
may be diversity in the character of industry which would 
affect the amount of electricity used and the time in which it is 
used. | 

It would be hard to justify the expense of interconnecting two 
systems that were identical in all these respects. Asa matter of 
fact, no two such systems could exist, because if the systems 
were large enough to qualify under this discussion there would 
necessarily be a difference in geographical location, involving at 
least a small difference in time. 

It is not necessary to explain here how these various brands 
of diversity get in their work. Some of them are inherent in the 
nature of things, but some of them are more or less under control, 
A change in the prevailing working hours of industry is to a 
certain extent in the latter class. It is doubtful if the periodic 
spring and fall changes of the clock to provide more afternoon 
daylight have had any appreciable effect on the daily load curves, 
especially considering the fact that such changes are made in the 
summer season when the daily peak is not in evidence. 

There are, however, districts where permanent changes in the 
clock have been made which being effective the year round have 
changed the load characteristics of some public utilities. 

When the railroads first adopted standard time in the early 
eighties the country was divided into zones, the time to be 
uniform over each zone and the time of each zone to differ 
from that of the next by one hour. The zones were laid out so 
that the time for each zone was the correct sun time for the 


meridian running through approximately the center of such zone. 


This was a natural arrangement, but in view of our present 
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appreciation of afternoon daylight we would probably do it 
differently now. As the arrangement was made, the people 
living along the eastern edge of each zone were deprived of about 
one-half hour of daylight in the late afternoon. This was not 
noticed particularly for some time although the movement for 
daylight saving started some years before the World War. The 
War gave it a big boost and it has since become very popular. 

If the standard time for each zone had been fixed as the sun 
time of the meridian running through the eastern edge of each 
zone, no one would have been deprived of any afternoon daylight 
although some would have had more than others. To illustrate, 
if the Central Time zone had been made as it is, but if the time 
had been fixed as that of the 82nd meridian instead of the 90th, 
and the time of the eastern time zone had been fixed as that of the 
68th meridian instead of the 75th, we think now everyone would 
have been happier. All of which leads up to the situation in 
Detroit and eastern Michigan. 

According to the original standard time layout Detroit 
was put on Central time, that is, 90th meridian time, being on 
the extreme eastern edge of that zone. Windsor, across the 
river in Canada, was running on Eastern, or 75th meridian time. 
This arrangement deprived Detroit of one-half hour of afternoon 


daylight, compared with true sun time, but of a full hour of ` 


afternoon daylight, compared with Windsor. This was the 
reason why Detroit people were so reluctant to change and why 
many of them persisted in keeping their own clock set for the old 
sun time for a long while. | 

After some years an agitation began for adopting eastern time 
for legal time in Detroit. After much discussion and several 
votes the ehange was made and Detroit officially and legally 
adopted Eastern time, although the railroads still published 
their timetables with Central-time figures. It took another 
long campaign of education before the Interstate Commerce 
Commission officially told the railroads to operate in and out of 
Detroit on Eastern Standard time. The people of Detroit 
liked the change so much that it soon became the fashion in the 
State to make similar changes and today almost all of the eastern 
half of the state runs on Eastern Standard time. 


The effect on the daily load curve of the Detroit Edison Com- 
pany has been marked. The winter afternoon peak has dis- 
appeared. АП the big industries in Detroit operate on an 8-hr. 
day and this, together with the change in time, results in the 
afternoon power load's going off, even in the middle of winter,— 
beforé any afternoon lighting, to amount to anything, comes on. 
The peak load of the year usually occurs in the forenoon and may 
oeeur in almost any month of the year. It has occurred in the 
past few years in June, December, November, September, 
Oetober, and February. "The change may have resulted in the 
loss of some kw-hr. of lighting in the afternoons, but a small gain 
in kilowatt-hours no doubt occurs in the morning due to the 


later sunrise, by the clock. On the whole the saving in capital ' 


charges due to the absence of a sharp afternoon peak more than 
offsets the loss of a few kilowatt-hours. 


There has just been completed an interconnection line between 
the Detroit Edison Company system and that of the Consumers’ 
Power Company. The average day load of the Detroit Edison 
Company is now about 450,000 kw., while that of the Consumers’ 
Power Company is somewhat less than this. This is an inter- 
connection where a great many of the varieties of diversity are 
absent. The general load characteristics of the two systems are 
about the same. Both companies operate in a state formerly 
agricultural, but rapidly becoming industrial. The daily load 
curves of the two companies look very mucli alike. However, 
the expense of the interconnection was justified in the opinion 
of both companies by the ability to coordinate the construction 
programs of the two companies and by the diversity brought in 
by the large amount of water-power capacity in the Consumers 
Power Company’s field. 

This line consists of a single circuit of No. 0000 copper wire 
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on steel towers, spaced about 800 ft. apart. The line operates 
at 132,000 volts. The line connects with the Consumers’ 
Power Company’s 140,000 volt system and with the Detroit 
Edison Company’s lines at Superior substation near Ypsilanti. 
The line was first put into experimental operation two weeks ago 
and has already proved of service to both companies. The line is 
eonneeted to both systems through transformers with oil circuit 
breakers on each side of each transformer. Complete metering 
equipment is installed at each end of the line. 


Some study has been made of the possible advantage of 
extending this line west and southwest to reach the northern 
Indiana district. While it is too early to make many statements 
regarding this project, it is very evident by a little study that the 
difference in the daily load curves due to the difference of one 
hour in time would make such a connection desirable. 


On the whole it seems that the engineering of interconnections 
has been worked out farther and better than the commercial or 
contract features. A great variety of contracts are in existence 
but there seems to be room for improvement. Where the two 
systems to be connected are not owned by the same corporation 
there is a need for a simple but equitable form of agreement that 
does not requice a Philadelphia lawyer and a Schenectady engi- 
neer to interpret. 

James Lyman: Mr. Gear has covered more particularly 
interconnection in the Chicago District. In the country districts 
of the Middle West the era of interconnection was inaugurated in 
1912, with the adoption of an aggressive policy to serve every 
town in Illinois over a 33-kv. interconnected system from power 
stations located at economic points. From this beginning the 
movement has spread with increasing momentum until it has 
nearly covered most of the states of this region. As the system 
grew, 33 kv. became inadequate as a primary transmission 
voltage, and other systems of transmission lines at 66 kv. and 
132 kv. have been superimposed on the 33-kv. system. 

The accompanying map, Fig. 3, shows the 33-kv. inter- 
connected system covering ten states having 17.3 per cent of the 
land area of the United States, and 31.8 per cent of the popula- 
tion of the United States in 1920. Outside the urban industrial 
centers the principal pursuits in this region are agriculture and 
mining. That the policy of interconnection has had a marked 
influence on their growth is shown by the following figures: 

During 1926 the electric-power companies in these states 
produced: 

41 per cent of the steam electric power produced in the U. S. 

14 per cent of the hydro electric power produced in the U. S. 

32 per cent of the total electric power produced in the U. S. 

This map shows how completely the 33-kv. system now covers 
the area of this region. Fig. 4 shows on the same map the 
system of higher-voltage lines, 66-kv. and 110- to 140-kv. 
connecting the principal centers of this region, and extending 
far beyond its boundaries. There are only one or two short 
breaks in these high-tension lines between Minnesota and West 
Virginia, and between Michigan and Missouri. Wisconsin is 
actually connected through to Kentucky, Virginia, and states 
still farther south. 

Fig. 5 shows the relative central-station production of steam 
and hydroelectric power for each of the several states for 
the years 1920 to 1926. It is of interest to note that the 
production of power in Indiana, Illinois, and Wisconsin, 
practically doubled in the six-year period 1920 to 1926. It 
wil be observed that the only states producing appreciable 
hydroelectric power are Minnesota, Iowa, Wisconsin, and 
Michigan. All the other states are practically limited to steam- 
electric power. While the states of Illinois and Ohio represent 
but 19 per cent of the area, and but 37 per cent of the 1920 
population, they produce 46 per cent of all the central-station 
power produced in this territory. 

As power generation on a large scale first grew up in the cities 
so also did interconnection have its beginning in the cities. 
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As it grew it gradually covered the city areas, then reached out 
to the suburban areas, and finally spread beyond them to link 
up with the systems which, growing independently, were cover- 
ing the country districts. And the final step, which we are now 
witnessing, is the connecting of these different power centers with 
high-voltage, high-capacity trunk lines. The Chicago District 
illustrates this evolution. | 
Beginning with the epoch-making Fisk Street Power Station, 
and followed successively by Quarry, Blue Island, Northwest, 
Joliet, and Calumet, and more recently, by Crawford and 
Waukegan power stations, this interconnection grew and spread 
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Fig. 4—SuPERPOwER LiNESs IN MIDDLE WEsT STATES 


as each successive plant, profiting by new developments, was 
able to produce energy chéaper than its immediate predecessor. 
In a measure, each plant in turn functioned as a base-load plant 
for the interconnected system. Because of this, each of the 
Chicago plants, in its turn, contained the largest steam-turbine 
unit available at the time. 

Interconnection, of Other Systems in the Middle West. The 
American Gas & Electric Company transmission system 
stretches from Southwestern Michigan and Northern Indiana 
through the states of Ohio and West Virginia to Pennsylvania, 
Virginia, Kentucky, and Tennessee. It connects with the trans- 
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mission lines of the Chicago District on the West, the Toledo and 
Cleveland systems on the North, the systems of the Ohio River 
Edison Company and West Penn Power Company on the East, 
and the systems of the Carolina Power & Light Company and 
Tennessee Public Service Company on the South. 

The 140-kv. hydroelectric lines of the Consumers Power 
Company in Michigan, put into operation in 1912, had at that 
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time the highest commercial voltage in the world. These lines 
are now intereonneeted with the transmission system of the 
Detroit Edison Company. 

The systems of the Insull companies also interconnect succes- 
sively with the Columbia Gas & Electric Company, the Illinois 
Power & Light Company, and the North American Company 
on the South, and with the North American Company and 
Byllesby Company on the North. 
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Transmission Voliage. In the Middle West where large eco- 
nomical steam power stations are often located not more than 
100 mi. apart, 132 kv. is a good standard voltage. Power in the 
order of 50,000 kw. to 60,000 kw. per circuit ean be directed to 
or from these power stations as operating conditions dietate. 

A high power factor is required and preferably obtained 
through the use of synchronous condensers installed at the 
plants of the largest customers. 
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Desirable flexibility of control is obtained by the use of equip- 
ments for tap changing under load, for the terminal banks of 
transformers. 

Fig. 6 shows characteristic curves for 3-phase, 60-cycle, 100- 
mi. transmission line of 300,000-cir. mil copper cable, with 
126-kv. delivered voltage for various power factors. 
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Figs. 7 and 8 show characteristic curves for unity power faetor 
and transmission lines of 100 mi. and of 300 mi. respectively. 

Figs. 9 and 10 show characteristic curves similar to 7 and 8, 
except at 0.95 power faetor lagging. 

A study of these curves shows the necessity for high power 
factor. The increased kilowatts capacity and reduction in 
C? R losses of the interconnected system very much more than 
pays for the capital and operating costs of the synchronous con- 
densers. These are now being developed in large sizes for out-of- 
door installation, cooled either by recirculation of air or hydrogen, 
and with automatic control of voltage. 
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Fig. 11 shows & steel tower typieal of the design used in the 
Chieago distriet. 

Experience with 150 mi. of such 132-kv. heavy power eireuits 
in the Chicago District indicates that when the circuits are 
equipped with ground wires and shielding rings the number of 
interruptions is practically negligible. Where shielding rings are 
used to protect the insulator strings, in case a flashover does 
oceur, the line ean immediately go baek into serviee without 
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Inspection or repairs. Transformers and other high-tension 
apparatus are now made to give equal reliability when properly 
protected by the most approved lightning arresters. 
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USED IN CHICAGO DISTRICT 
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Advantages of Interconnection. ‘Interconnection makes avail- 
able throughout a wide area the power from a number of large 
generating stations. It permits their most favorable location 
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with reference to fuel and water supply. By diversity of the 
system load a much higher load factor is obtained, thereby 
reducing in direct proportion the required active generating- 
station capacity. Further, the reserve generating capacity need 
only be a fraction of that required were the stations operated 
independently. The combined saving in generating capacity 
due to diversity in load and to reduced reserve is in many cases 
very great. 

The entire interconnected territory is served from several 
sources of reliable power supply so that in case of failure of 
any generating unit or transmission-line section, the possibility 
of interruption of power supply is remote. Instances of this 
character taken from actual experience might be cited if space 
permitted. | 

The rapidly increasing power demand throughout the country 
necessitates frequent installation of new steam power stations. 
The latest and most economical stations can operate as base- 
load stations for the system. The most economical generating 
units can operate as base-load units, and the less economical 
units or stations can be operated as semi-peak-load and peak-load 
units or stations; thus the interconnected power companies can 
continually maintain the highest economies of production for 
the large bulk of their power supply. 

The operators in power stations located at the different centers 
can advise each other over their carrier systems of communication, 
of rising storms in advance of their arrival, and thus their power 
demands may be anticipated. Also, in ease of trouble developing 
in one of the several stations, the others can promptly prepare 
to take the necessary load. 

Frequently systems under different ownership interchange 
large blocks of power daily to their great mutual advantage. 

Interconnection has made economically possible practically 
the universal supply of electric power, the greatest factor in the 
continued prosperity of our country. 

Farley Osgood: That interconnection is useful seems no 
longer to be a question. I shall try to generalize on the whole 
subject and summarize what I have learned from these papers 
and observed in my work. 

In these four papers I think unquestionably we have the best 
national presentation of the interconnection problem and its 
possibilities that has ever been given. 

I am glad to see that the fantastic names formerly given to 
high-voltage line interconnections are going out of fashion. 
I noticed on one chart presented the word 'ísuper." In all the 
discussion on these papers, I think it is the only time that word 
has appeared. І think it will soon be wrapped up and will appear 
no more. 


There is no such thing as super power, or giant power; that 
isn’t what it is. It is just the everyday work of the electrical 
fellow connecting together his physical links. That is all there 
is to it. As Mr. Edgar described the railroad and the Lincoln 
Highway development, it occurred to me that some day there 
might be a physical-electrical connection between Boston and 
San Francisco which we might very appropriately term the 
Edison Highway. There may be a complete electrical highway 
from the East to the West Coast and just as the passenger today 
ean get on a train in Boston and go to California (and if he is lucky 
enough to get in certain of the Pullmans he may not have to 
change) so too, when we have the Edison Highway a kilowatt 
can get on the highway at Boston and reach California by be- 
ing shoved along by the various systems hooked into the inter- 
connection. 


That is the picture we should give to the public. We should 
destroy as fast as possible and whenever we get an opportunity, 
any thought that California will furnish current to New England 
or vice versa. It is absurd and it is the duty of the electrical 
engineers to explain to people why it is impracticable. 

We should not make any extravagant statements so that news- 
paper reporters, politicians, and anybody who may not under- 
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stand our language will misinterpret it to our detriment before 
the publie. 


A word about the financing of these inter-system lines: It 
isn’t any kindergarten problem, this laying out and completing 
and financing a major interconnection. Engineers must under- 
stand that tremendous amounts of money are required and it is 
their duty to prove to their executives responsible for the financ- 
ing of their undertakings that a large investment must be made 
in advance of actual income, because these things take more than 
two years to do and sometimes take three, five, or ten years 
before full realization on the capital invested. Financiers who 
back us in our work should not be afraid to do so, but we should 
tell them what to expect in the way of return at first, and year 
by year thereafter, because they depend on us and our statements 
should be clear and conservative. 

The usual possible economies of interconnection have been 
dwelt on so much that I will not even mention them. We all 
know what they are. 


I should like to emphasize the fact that the strongest con- 
struction possible under the economic condition of the work 
undertaken is an essential, not only because the service is 
dependent upon these major interconnections but also the 
growth of the respective systems usually is faster than we 
expect and an early avoidance of duplication of construction is 
there if we build large and strong in the first place. 

Continuity of service of course also depends upon the sturdiness 
of the construction, assuming that it is of the proper type for the 
service. 

I notice that there are only two or three large pieces of work 
going on in the country at the present time of the highest service 
voltage, namely 220,000 volts. The California fellows developed 
this voltage as soon as the originating engineers felt it safe to 
have them do so. This ring here, near New York, connecting 
electrically Philadelphia, Newark, and the coal fields of Eastern 
Pennsylvania is also a 220-kv. system. 

In the discussions of the Chicago situation I note that 132 kv. 
has been adopted as the maximum voltage apparently desirable 
for that district. Far be it from me to criticize because those 
gentlemen have proved they know where they are heading, but 
just as a general word of caution, I should like to say: when 
building, make your voltage as high as the traffic will bear at the 
time, because you will save yourself a lot of trouble in the future. 
Even if you do not operate at the highest possible voltage avail- 
able at the time, have that in mind when your right-of-way is 
purchased, when the spacing of your conductors and towers, 
etc., is laid out so that if fortune or big business overtakes you 
sooner than you dared hope, you can save your executives putting 
up additional money too soon. 

The synchronous condenser is a joy to the operating man in 
helping him pull up his voltage. It was interesting to hear the 
last speaker say the best place for the synchronous condenser 
was on the big customer’s property and I might also add, to be 
bought at his expense. 

The customer can be given a favor in the way of rates, if he 
helps pull up the power voltage of the whole system. It works 
both ways. 

The matter of selective relays for the eliminating of lines and 
trouble, is a question about which we have had so much discussion, 
I am afraid to say anything about it, except where you do not 
have to be tied in solid for a proper reason, if you can eliminate 
any circuit that is in trouble of course you are going to save slams 
on your whole system and you are going to add to the safety and 
protection of your generators and your transformers. I think 
where the loose-link system can be used, it is healthier for the 
apparatus. 

The Chicago paper was the only one which mentioned the 
use of high-voltage cable. I believe that is one of the things 
that the transmission engineers need most for their service at 
this time. 
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When we were designing the 132,000-volt domestie ring for 
New Jersey service, if we could have obtained cable at the time, 
it would have saved us a great deal of trouble and because we 
could not get high-voltage cable to go through a congested area 
we had to go outside into the country with open lines which 
cost much more than the cable would have cost if it had been 
available. 

In congested areas, think of what Mr. Gear has told us about 
Chicago. Cable is indispensable. If he can double the voltage 
of his interconnecting cables from 66 kv. to 132 and to 220 where 
he has these tremendous loads, think of the money he is going to 
save and the comfort he will have. 

In these installations, it is desirable to have every possible 
recording instrument and device of every nature to make record 
of the actual performance of the line and everything connected 
with it in regular service and particularly at times of failure. 


We are just on the threshhold of major interconnection work in 
America and the only way to learn about it is by absolutely in- 
fallible records. We have had to go by guesswork largely up to 
date but now devices are coming into service which will record 
for us what takes place normally and under abnormal conditions. 
Let no argument of cost have them eliminated from your budget. 
If you do not have anything else, be sure and get all the best 
possible recording instruments; in fact, you might put that in 
your budget first and say “If we cannot record what is going to 
happen to us when we get through, we do not want to build." 
Mr. Mitchell brought out rather pointedly the fact that inter- 
eonnected systems could get much better operating results if the 
several systems are under one ownership, whieh naturally tends 
to a closer coordination of personal effort. Mr. Downing cites 
the excellent results that are obtained in California even though 
the systems are not under one ownership. 

By frankness, fairness, the elimination of individual system 
selfishness, it is perfectly possible to get, if not the very highest 
effieieney of operation, at least an entirely satisfaetory result. 
By the formation of a committee composed of the responsible 
officers of the individual systems, which will make up a set of 
operating rules, which rules must be thoroughly understood by 
all operators, and if carried out to the letter by a master operator, 
unanimously selected and in absolute operating control, efficient 
and satisfaetory operation ean be obtained. 

In elosing, I just want to point out the two things whieh seem 
to be the weak links in our chain at the moment and urge the 
engineers responsible for these two weak links to get all of this 
diseussion in their minds that they may need to help them 
develop their art so that we may have these links up to the 
strength of every other link in our eleetrieal systems. The two 
weak links are high-voltage underground cable, and oil switches. 

E. C. Stone: At this time, because of the recent rapid ex- 
tension of transmission lines and the multiplication of inter- 
connecting links, which make the transmission-line map look 
something like a railroad map, the public is prone to conclude 
that there is no limit short of the continental confines of the 
United States to the transfer of energy; and when the minds of 
legislators are considering the necessity for federal regulation of 
power systems which are rapidly over-reaching state boundaries, 
it is important that engineers particularly, in their speeches and 
writings, give proper emphasis to the limitations as well as 
advantages of interconnection so as to be sure that the public 
does not get a distorted view of the situation. 


There is already before us the history of three great public 
utility services which grew from local beginnings until they 
covered the entire country and the transfers of the commodities 
handled by them became nationwide in extent—namely, the 
railroads, the telephone, and the telegraph. There are inherent 
reasons, however, why this movement in the electric power 
industry will not be carried to the same limits. 

The articles of commerce carried by the railroads differ widely 
in character, and the wants and likes of the consumers of the 
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country are sufficiently strong and varied so that they are willing 
to pay the cost of transferring these articles to points all over 
the country. The fruits and vegetables of California are con- 
sumed throughout the states. 'The shoes made in Massachusetts 
are sold in St. Louis, and I have по doubt that St. Louis made 
shoes are sold in Massachusetts. The messages transmitted by 
the communication companies are all different regardless of the 
relative locations of the source or destination; hence the nation- 
wide movement of such messages. In the power industry, 
however, all kilowatt-hours are alike so that the consumer will 
always take advantage of the obvious economy of obtaining his 
kilowatt-hours from the nearest source of power. 


Interstate transmission of electric power is the result of the 
natural physical relation between the markets for power and the 
nearest suitable sites for the location of economical power plants. 
Thus the transmission of power is essentially local in character, 
and very few instances can be found where any given block of 
power is transmitted across more than one state boundary. An 
analysis of the output of eighteen generating plants from which is 
produced approximately 45 per cent of all of the power trans- 
mitted over state lines, shows that the average distance of trans- 
mission from plant to point of utilization is less than 75 mi. 
Probably the average mileage of all interstate transmission would 
not exceed this figure. Although many plants located in many 
different states are being electrically connected, the effect of 
such interconnection is merely to distribute the combined load 
among the various plants more nearly in proportion to their 
capacity. It does not to any measurable extent increase the 
radius of transmission of power from any of the individual plants 
in the group. 

Hence the power situation is again radically different from that 
in respect to freight handled by the railroads, which in some cases 
is shipped across a great many state lines. In this connection, 
Secretary Hoover spoke as follows at the 37th Annual Convention 


of the National Association of Railroad and Utility Commis- - 


sioners at Washington, D. C., October 14, 1925: 

“The argument is sometimes used that the power situation 
is parallel with the railroads, where federal regulation has been 
found necessary. It differs in several profound respects. Power 
has no such interstate implication as transportation. The 
grower of oranges shipping from California is affected by the 
freight rates of every different railway all the way to the 
Canadian border and the Atlantic seaboard. The same farmer 
as a buyer of power is interested in only one power company— 
the one in his immediate netghborhood. What the rates may be 
of 200 other power companies between him and the borders of 
the continent do not affect his rates in the remotest degree. 
Therefore one state is not vitally interested in the rates of 
another state as in the case of the railways.” 

As a result of these inherent limitations, only 6,172,000,000 
kw-hr., equal to approximately 9 per cent of the total of 
68,145,000,000 kw-hr. generated during 1926 by the electric light 
and power eompanies in the United States, were transmitted 
across state lines. This is in striking contrast to conditions with 
the railroads, of whose business probably 70 per cent to 80 per 
cent is interstate in character. 

It is reasonable to suppose that all of the power required for 
use within the individual states could be generated within their 
own boundaries, so that interstate transmission would be unnec- 
sary, but this would result in less use of water power, in higher 
eost of fuel, in longer transmission distances and, in many in- 
stances, in greater first cost of plant on account of utilization of 
less favorable locations, all of which conditions would increase 
the cost of power. The margin of profit to be realized by inter- 
connection is narrow, however, and if, as a result of miscon- 
ception, burdensome restrictions were placed on such inter- 
connection, it is reasonable to assume that public-utility com- 
panies, finding themselves hampered by requirements and 
regulations so burdensome as to offset any advantages to be had, 
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will curtail their interconnections and thereby the consuming 
public will lose those limited advantages which are now being 
utilized or being sought. 

Therefore, it is to be sincerely hoped that no artificial barriers 
will be set up which might result in restricting this sort of trans- 
mission in such a way as to increase the total cost of the produc- 
tion and delivery of power. 


The economies resulting from the interconnection of power 
systems as disclosed by the papers in this symposium represent 
all told a very large number of dollars, and are therefore well 
worth while. Expressed as a percentage of the cost of electric 
power to the average user, however, the figure will be relatively 
small, possibly of the order of 5 percent. Hence the most com- 
prehensive development of system interconnections cannot possi- 
bly bring about any radical reduction in the cost of energy to the 
average user of electric power. 

The major engineering problems involved in the interconnec- 
tion of large power systems will continue to receive careful study. 
These appear to be as follows: | 


1. Determination of the total spare generating capacity 
aetually required to render adequate serviee at all times on 
systems of large capacity and operating many units. Dueregard 
must be given to the periodie shut-down of machines for main- 
tenance and the probable loss of capacity due to breakdown. 
Present practise of many systems provides spare capacity equal 
to the capacity of the largest units. It is yet to be determined 
whether this will be adequate when adjacent systems are inter- 
connected, so that substantially larger numbers of units are 
included in one system. More attention will also be given to 
the most economical size of unit giving full effect to the spare 
capacity requirements. 


2. Control of the amount of energy and reactive kv-a. passing 
over interconnection points in complicated networks. This will 
involve not only proper frequency adjustment at the generating 
stations but in many cases phase and voltage control at strategic 
points in the transmission networks. 


3. System stability both under normal load conditions and 
on the occurrence of abnormal transient surges. In this connec- 
tion it is quite probable that it will be found necessary to equip 
high-tension transmission lines with reactors or their equivalent 
at the power-house end, following the practises now generally 
standard on lower voltages of using line reactors which sustain 
the voltage of the system as a whole as well as reduce rushes of 
current when the individual line short circuits near the power 
plant. 


4. Design and manufacture of circuit breakers for the voltages 
and interrupting capacities involved in the interconnection of 
large power systems. 


5. Development of selective relaying schemes such that tie 
lines will not be interrupted when short circuits develop on one 
or the other of the interconnected systems. One of the chief 
operating advantages in interconnection lies in the fact that the 
loss of a single generating unit will result in a smaller percentage 
loss in operating capacity. This advantage is lost if tie lines 
are opened by system short circuits. Furthermore, the amount 
of power transmitted across a tie line may be greater than the 
receiving company can handle on its own system if separated 
from its interconnections so that opening of tie connections will 
result in interruptions to service. 


L. W. W. Morrow: With the rapid growth of light and power 
systems over extensive areas it is inevitable that energy should 
be sent across state lines. It is rather astonishing to note, 
however, that the amount of energy so transmitted was only 9 
per cent of the total energy generated in public-utility stations 
during 1926. According to the Bureau of Business Research of 
Harvard University the total energy transmitted across state lines 
in 1926 aggregated 6,171,530,837 kw-hr. while the total genera- 
tion in that year amounted to 68,145,217,000 kw-hr. 
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TABLE I 
EXPORTS AND IMPORTS ON INTERSTATE POWER BY ELECTRIC LIGHT AND POWER COMPANIES UNITED STATES—1926 


Interstate Power 


Transactions A. I. E. E. 


Net Interstate Power 


Power Generated* Exported 
(Kw-hr.) (Kw-hr.) 
New England: 
Майїпе.................... 503,105,000 2,803,706 
New Hampshire.......... 259,133,000 15,514,336 
Vermont.................. 254,508,000 234,544,352 
Massachusetts............. 2.097,538,000 226,737,240 
Rhode Island.............. 405,299,000 79,465,342 
Connecticut............... 906,941,000 52,106,110 
Middle Atlantic: 
New York................. 9,146,059,000 147,214,876 
New Jersey................ 1,722,749,000 19,780,642 
Pennsylvania.............. 7,220,386,000 614,801,002 
East North Central: 
ORI 34:35 fey oe а 4,596,945,000 285,558,782 
Indiana... oso oe 1,420,528,000 152,210,606 
1Шпойв.................... 5,892,130,000 646,354,014 
Michigan.................. 3,184,591,000 57,715,760 
Wisconsin................. 1,779,973,000 225,598,472 
West North Central 
Minnesota................. 843,258,000 50,842,474 
IOWS о вуна 1,308,622.000 632,315,767 
Missouri.................. 760,910.000 59,690,208 
North Dakota............. 45,393,000 0 
South Dakota............. 80,342,000 7,786,857 
Мергаѕка.................. 358,494,000 19,591,133 
Kansas................... 761,429,000 129,960,481 
South Allantic: 
Delaware.................. 118,866,000 21,019,362 
Maryland................. 586,917,000 78,365,841 
District of Columbia........ 350,014,000 42,182,891 
УЕА oon 920,255,000 10,692,478 
West Virginia.............. 1,682,968,000 736,930,012 
North Carolina............ 1,116,043,000 25,029,500 
South Carolina............ 1,023,076,000 318,670,000 
Сеогеіа................... 709,705,000 68,094,902 
ЕТог1да................... 494,745,000 0 
East South Central: 
Kentucky................. 457,770,000 73,701,994 
Теппеѕѕее................. 893,693,000 21,797,033 
АІађата.................. 1,138,804,000 283,984,216 
Mississippi................ 58,667,000 279,300 
West South Central: 
Агкапѕаѕ.................. 163,517,000 873,775 
Louisiana................. 514,552,000 82,720,682 
Oklahoma................. 429,735,000 11,469,200 
Техаз..................... 1,480,356,000 17,470,344 
Mountain: 
Montana.................. 1,407,783,000 18,432,000 
Таяпо от 738,876,000 465,743,608 
Wyoming................. 42,084,000 0 
Colorado.................. 517,405,000 0 
New Mexico............... 25,993,000 1,214,848 
ATÍZOnS. она рн 167,164,000 21,181 
Utah fi улиран 347,857,000 0 
Меуадйа................... 36,553,000 0 
Pacific: 
Washington............... 1,716,557,000 73,913,249 
Огеоп.................... 806,296,000 91,167,809 
California................. 6,700,633 ,000 67,164,952 
United States Total........ 68,145,217,000 6,171,530,837 


Imported Net Exported Net Imported 
(Kw-hr.) (Kw-hr.) (Kw-hr.) 
823,046 1,979,760 —— 
47,320,485 —— 31,806,149 
21,207,590 213,336,762 — 
420,760,736 — 194,023,496 
154,920,753 —— 75,455,411 
51,219,136 886,974 —— 
17,112,855 130,102,021 — 
202,783,965 —— 183,003,323 
477,281,883 137,519.119 —— 
487,588,090 —— 202,029,308 
146,616,303 5,594,303 —— 
305,976,537 340,377,477 —— 
42,943,150 14,772.610 ——— 
126,545,506 99,052,966 —— 
195,984,387 —— 145,141,913 
76,680,703 555,635,064 — 
885,509,239 —— 825,819,031 
6,194,161 —— 6,194,101 
3.187,987 4,598,870 —— 
1,490,491 18,100,642 —— 
32,631,815 97,328,666 —— 
10,238,314 10,781,048 ——— 
438,524,065 —— 360, 158,224 
0 42,182,891 —— 
109,770,362 —— 99,077,884 
95,349,606 641,580,406 — 
329,140,958 —— 304,111,458 
67,861,902 250,808,098 —— 
272,418,703 —— 204,323,801 
1,314,718 —— 1,314,718 
182,259,635 —— 108,557,641 
11,469,426 10,327,607 —— 
8,196,946 275,787,270 —— 
57,577,015 —— 57,208,315 
61,481,112 —— 60,607,337 
15,421,073 67,299,609 —— 
85,921,944 — 74,452,744 
1,356,058 16,114,286 — 
0 18,432,000 —— 
78,554,534 387,189,074 —— 
0 0 0 
0 0 0 
2,006,383 —— 791,535 
4,664,592 —— 4,643,411 
421,274,000 — 421,274,000 
46,019,035 —— 46,019,035 
97,346,669 — 23,433,420 
68,562,288 22,605,021 —— 
21,181 67,143,771 — 
6,171,530,837 3,429,536,315 3,429,536,315 


*Interpreted from United States Geological Survey figures—Bulletin 68, Bureau of Business Research, Harvard University. 


Of the energy transmitted in 1926 across state lines 83.3 per 
cent went to markets supplied as a normal service and 16.7 per 
cent went to special or temporary markets. Of the total inter- 
state energy 26.28 per cent involved no change in ownership. 
The number of interstate lines aggregated 463 but 81 of these 
carried 61.7 per cent of the total interstate power. 

Three general conditions exist which may bring about inter- 
state transmission. 

The first type is a regular supply of energy to a market in a 
territory where generating facilities may not coincide with the 
location of the load. At Keokuk, Iowa, the nearest large mar- 


ket for hydroelectric power is St. Louis, Mo. and in Illinois; 
at Cahokia, Ill., a site is most suitable for a fuel-burning plant to 
supply energy to St. Louis. "Thus the city of St. Louis receives a 
large proportion of its energy from plants controlled by the local 
utility but located in other states. Out West waterpower is in 
Idaho but the load is in Utah. Many examples of this type of 
generating-station location which supply energy to loads across 
state lines may be found in Ohio, Illinois, Indiana, Pennsylvania, 
and other states. The stations are operated to supply energy to 
permanent markets and are owned by the utilities distributing 
the energy in these markets. This type of interstate business 
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accounts for about 75 per cent of the total energy and is not 
necessarily involved with major interconnections or transmission 
systems of large magnitude. 


A second condition which brings about energy transmission 
across state lines is in areas where steam and hydroelectric 
generating facilities are interconnected for temporary or emer- 
gency energy service. l 


A water shortage on a hydroelectric system may cause energy 
to be bought from a system in another state; a hydroelectric 
property may be able to sell or buy energy from a utility using 
fuel generation; during the construction of a new station energy 
may be bought so as to load fully the new station when it comes 
into operation. Many economic combinations in a large area 
may exist from year to year whereby savings are made by 
temporary energy interchanges on lines which cross state lines. 
For example, in the South, Alabama may sell energy to Georgia 
at one season of the year and may buy energy from Georgia at 
another period. 


The third condition which brings about the transmission of 
energy across state lines is found in large-capacity interconnec- 
tions between utilities which operate over an extended area. 
It is economical on such systems to shift generating-station loads 
to get the best economic results. For example, the American 
Gas and Electric system extends from near Chicago to western 
Virginia. It has generating stations in several states connected 
by transmission lines. Energy may go to or flow from West 
Virginia or Ohio depending on load conditions. In the heavily 
loaded area of eastern Pennsylvania, New Jersey, and New York, 
stations may be located in several states and energy will be sent 
across state lines to take advantage of diversity in loads. 


A study of interstate energy shows that Pennsylvania, Illinois, 
Iowa, West Virginia, Vermont, Alabama, South Carolina, and 
Idaho lead in the export of energy and that energy is imported in 
large amounts to Massaehusetts, Pennsylvania, Ohio, Missouri, 
Maryland, North Carolina, Georgia, and Utah. A knowledge 
of generating conditions in these states shows that the exporta- 
tion and importation of energy involves a few large generating 
stations and special conditions. For example, South Carolina 
waterpower goes to the load in North Carolina. Energy from 
the coal fields of northern Alabama and from Muscle Shoals goes 
to Georgia. Hydroelectric energy from Idaho goes to the load 
in Utah. Holtwood waterpower in Pennsylvania goes to the 
load in Maryland. Hydroelectric and steam power in southern 
West Virginia goes to Virginia and Ohio. . Hydroelectric power 
from Vermont and New Hampshire supplies the load in western 
Massachusetts. Keokukin Iowa and Cahokia in Illinois supply 
the energy to St. Louis in Missouri. Windsor steam station in 
northern West Virginia supplies energy to Ohio and Pennsyl- 
vania. Thus a few large stations or systems supply most of the 
energy that crosses state lines. An economie and very practical 
background exists for all this business. 


With the modern trend toward putting loads and generating 
sourees near together for economic reasons and because load 
density grows rapidly it is evident that long-distanee transmis- 
sion projects involving interstate energy traffie will not become of 
great importance and that special conditions in the future, as in 
the past, will control interstate energy traffic. There is no 
reason to expect interstate energy to grow at a rapid rate or at а 
rate corresponding to that at which the light and power industry 
will grow. 

W. S. Lee: It would be impossible for me or anyone to enter 
into any detailed discussion of the problems of interconnection or 
parallel operation of power systems. 


This matter has to be developed in connection with the par- 
ticular system or section of the country. There are certain 
waterpower developments, limited in number. and the time will 
soon come when they willall be developed. There are growing up 
around these plants and in the territory which they are near, 
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certain demands for power that should be furnished from the 
nearest point of generation. 


Efficiency, economy, and reliability of service has caused 
various hydroelectric and steam stations to be connected. This 
interconnection of local hydroelectric and steam stations produces 
the big central-station system. The central-station system as- 
sumes the duty of service to all contiguous territory. 


Now the phase in which the engineer today is going to function 
is to build the water plants at such locations determined by the 
physical conditions, such as head storage, ete., then intersperse 
among these plants at the proper place on the load centers, steam 
stations. 


Two important factors in connection with the design of steam 
stations are load factor and size of plant. The larger the central 
system the more opportunity the engineer has to build these 
plants efficiently and economically. The larger the system 
developed the better opportunity he has of locating these stations 
so as to shorten the transmission lines and thereby lessen the 
cost of power to the consumer. 


I am delighted to see these papers for if there is any abused 
subject it is super-power and giant-power. Every engineer 
is aked the question, “How far ean you carry electric power?" 
You all know it is not economical to carry it very far. The result 
is, there is an impression that power can be taken in great 
amounts from one section and dumped into another economically. 
You ean’t do it. | 


Mr. Mitehell's paper gives a very fine description of the 
Southern Systems. The Duke System tied in with the Eastern 
Carolina in 1908 and this connection has been found very useful 
from time to time ever since. About 1911 the Duke System 
tied in with the Georgia System. Both of these connections 
have been used for exchanging power and shifting power from 
one system to the other, but to carry large blocks of power 
great distances has not been done. I am glad to see that the 
whole trend of this discussion has not been for the purpose of 
carrying power in large blocks to great distances but to lay out 
hydroelectric and steam stations in a connecting system for the 
purpose of shortening transmission distance. 


C. F. Hirshfeld: I have been asked to present, by way of 
discussion, material on what is commonly designated as loose 
linkage. 

In presenting matters of this sort one is greatly handicapped 
by the fact that our language grows as required by the develop- 
ment of the art so that the art is always ahead of the language. 
As a result, it frequently takes a long time for a given expression 
to acquire a very definite meaning and in the interim there is 
much danger of misunderstanding. I shall therefore attempt to 
indicate the meaning of each questionable term that I use. 

The term loose linkage, as contrasted with tight linkage, is first 
used to indicate a system of connections adapted to fall apart 
comparatively easily in case of trouble, in contrast to опе іп 
which connections are intended to be maintained intact as long 
as it is physically possible to do so. 

We all recognize the fact that with present equipment and 
present methods we must expect troubles of various sorts which 
result in temporary reduction of voltage and increased flow of 
current. In a simple, generalized way, these troubles may be 
divided into two classes, those which correct themselves quickly 


_ by being cleared in some way, and those which do not, which 


"hang on" as we say. These may, for present purposes, be 
designated as controllable and uncontrollable respectively. With 
respect to the first class, there is a decided advantage in having 
connections remain intact in order to give the most immediate 
return to conditions of normal service after the trouble has been 
cleared. With respect to the second class, there is a decided 
advantage in having certain links break easily so as to confine 
uncontrollable trouble to the smallest practicable area, thereby 
producing a minimum of disturbance to the system as a whole 
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and no long time effect upon service to the remainder of the 


territory. 

Thus far probably all will agree. It is when we go beyond this 
rough generalization that we enter the argumentative zone. AsI 
see it, the direction in which the next step leads depends partly 
upon one’s experience, partly upon one’s idea of character of 
service, partly upon one’s estimate of the sorts of trouble to be 
-experienced, partly upon one’s estimate of the frequency of the 
different sorts, and partly upon the type of system with which 
one is dealing. 


We may well consider extreme examples to bring out the great 
differences that are possible. Take as one case a system com- 
pletely underground and consisting of a perfect network to which 
energy is furnished from a number of multiplied sources. Take 
as the other case a system which is entirely overhead, arranged 
practically radially throughout and in a territory in which 
lightning storms are prevalent. One would hardly expect the 
operators of such widely divergent systems to adopt similar 
ideals of service or.similar methods for handling troubles of 
the type here referred to. 

We must then admit that in all probability both loose-linkage 
and tight-linkage systems have their proper fields of use. At 
least, I do not desire to be understood, in what follows, as ad- 
vocating one or the other under all different conditions. 

An ideally developed loosely linked system may be assumed to 
consist of a collection of areas so arranged and so served that each 
can readily become self-contained and self-sustaining in case of 
uncontrollable trouble in one or more other areas. For want of a 
better term I shall call each of these a power area. 


In the ideal loosely linked system, each power area normally 
operates in synchronism with all the others during all periods 
of normal operation. However, a power area subject for the 
time being to uncontrollable trouble cuts loose completely and 
automatically from all other power areas. It then shifts for 
itself as best it can until those in charge have had an opportunity 
to clear the situation by any means that may be available, after 
which it may once more be synchronized with the remainder of 
the system when, as, and if that becomes desirable. 

These requirements necessitate certain characteristics which 
may be listed as follows: 

(a) Each power area must be capable of becoming self- 
sufficient practically instantaneously. 

(b) All power areas must be so tied together under normal 
conditions that the necessary synchronizing currents may flow. 

(c) All power areas must be so tied together that any one 
developing uncontrollable trouble will automatically cut itself 
loose from the others before service in them is seriously menaced. 

Requirement (a) indicates immediately that each power area 
must have sufficient running reserve, or the equivalent, to care 
for the total existing load within its boundaries if it happens to 
be isolated because of trouble in one or more other power areas. 
This does not mean that each power area must at all times be 
supplying all the power consumed within that area. The 
distinction should be carefully noted. Power may flow across 
power-area boundaries as may be required to affect most efficient 
or most convenient plant operation. The only requirement is 
that each area thus supplied from outside its boundaries shall 
have sufficient running reserve to care for itself if this supply is 
suddenly interrupted. The requirement is easily met through 
the reserve capacity of turbo generators above their best points 
when the sizes of units in the system are properly coordinated 
and when the boundaries of power areas are properly chosen. 

Self sufficiency with respect to power supply may be obtained 
by the use of one or more generating stations per power area or 
by the use of one or more major switching stations supplied 
from several sources over different routes, both sources and routes 
being so chosen as to minimize the danger of complete loss of 
supply. In this connection, it should be noted that the bound- 
aries of power areas need not be fixed and, in general, will not be 
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fixed. "This statement applies to different hours within one day 
as well as to different days, different weeks, months, seasons, 
and years. It is only necessary that a boundary is known to 
exist at a certain place at a certain time and that the ties crossing 
that boundary at that time are properly relayed to prevent them 
from transmitting a major disturbance. 


It will probably be granted that at least under the majority of 
conditions existing in this country, the loosely linked system 
offers the greatest security against a major catastrophe to the 
system as a whole. Undoubtedly, operation on this basis re- 
quires a very high order of engineering in planning and con- 
structing and extending the system. Undoubtedly also it calls 
for very intelligent cooperation between system operator and 
plant operator if the maximum of results of all sorts is to be 
obtained. It is probable also that the load dispatcher or other 
individual who handles system operation must give more 
thought to the details of his job than he must with a tightly 
linked system, if the best results of which each system is possible 
are to be obtained. There is admittedly room for argument as to 
whether the results obtained from loose linkage justify these costs 
in human effort. Some executives have demonstrated that they 
believe the results obtainable do justify such costs. 


We may say that there is really a radically different point of 
view back of the two systems of linkage. In the one, the 
necessary occurrence of uncontrollable difficulties is recognized 
and the maximum of security to service is provided by arranging 
power areas capable of instantaneously becoming self-sufficient. 
In the other it is assumed that such major uncontrollable occur- 
rences will be of such comparatively rare occurrence that the 
eost of protecting the service by loose linkage is unnecessarily 
great and not justified by the hazard. 

As we develop extensive interconnection we are automatically 
driven toward loose linkage whether we like it or not. Overhead 
transmission lines will cut out under present-day conditions and 
with present-day equipment. The circumstances in each сазе 
must determine the extent to which running reserves will be 
operated and, therefore, the extent to which ideal loose linkage 
will be achieved. 

F. A. Allmer: Attention has been called in Mr. Downing’s 
paper to the limitation or lessened desirability of interconnection 
when certain essential conditions favoring interconnection are 
absent. It should be recognized, to start with, that each case 
presents a problem controlled by the local conditions and that no 
generalization can be readily made. But it can be pointed out 
by an academic example that recent trends in power generation 
are working in favor of interconnection, even though certain 
obviously favorable factors are lacking, such as substantial 
diversity in load or in seasonal availability of power resources, 
or a pronounced differential in generating costs. 

We may assume two systems, not interconnected heretofore, 
which have identical shapes of load curves, 7. e., no diversity of 
load, either in time of the year or hour of the day. We may also 
assume that the steam plants of the two systems are of nearly 
the same over-all economy. Under these conditions we should 
probably expect the least incentive for incurring a substantial 
investment for interconnection. However, the tendency in 
recent years to install large-size steam generating units, the 
capacity of which is equal to a large percentage of system load and 
considerably in excess of the annual increase of load demand, 
introduced several new elements in favor of interconnection, 
such as the staggering of investment steps between the two 
adjoining systems, savings in carrying charges on reserve equip- ` 
ment and more economical géneration due to keeping on the line 
sufficient generating capacity only to compensate for the loss of 
one large unit instead of two. An interconnection of this sort 
has to be a solid tie (7. e., not of the type referred to as loose 
linkage) which would insure that the two systems stay in parallel 
at times of transfer of maximum power coincident with short 
circuit on one tie line or with other system disturbances. 
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Mr. Gear’s paper furnishes a practical example of the advan- 
tages incident to the staggering of investment steps involving 
three companies. It may be of interest to hear from him some 
further details as to the approximate capacity cost per kw. for 
which the three parties are billing each other. 

In every case of interconnection particular stress should be 
laid on the quality of service, which feature has been brought 
out prominently in Dr. Hirshfeld’s contribution. Quality of 
service should not suffer as a result of interconnection, allowing, 
of course, for the initial period of ironing our minor difficulties 
incident to the newness of the operating methods. The indirect 
consequences of impaired service may easily counteract any 
calculated economies that were originally the underlying reasons 
for interconnection. Most of us are familiar with the disastrous 
situation that may develop in a few minutes if two large systems 
or groups of a single system fall out of step due to major distri- 
bution trouble or other causes. As the frequency drops rapidly 
on that part of the system that has insufficient generating 
capacity connected to it, restoration of service usually involves 
the cutting off of a large part of the load and a considerable delay 
in resynchronizing. 

In connection with this problem it may not be amiss to point 
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engineers had in this line of work. Previous attempts of analyz- 
ing flow records on large streams over long periods, of the order 
of thirty to forty years, were not very successful, my recollection 
being that the cyclic equation was a different one for each period. 
It would be rather interesting to hear from Mr. Mitchell whether 
bis forecasting has been found as satisfactory in other years than 
those shown on the chart. 

Philip Sporn: (communicated after adjournment) The 
American Gas and Electric Company has operated an intercon- 
nected system for many years, in fact, interconnection on the 
American Gas and Electric Company system has grown up 
along with the system. In 1907, at Scranton, the company 
found itself with a shortage of capacity and the D. L. & W. 
Railroad, which was operating a plant in Scranton, found itself 
in the same predicament. The railway plant was furnishing 
power to a group of coal mines. An interconnection was worked 
out between them calling for interchange of capacity when and 
if available. Since the peak of the railway load was a morning 
peak, this interconnection made available considerable capacity 
for the lighting company to enable it to carry its evening lighting 
peak, and it, in turn, was able to help out the railway company 
on its morning peak. 
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The points of interconnections and the capacity of interconnections are shown in Table I. 
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out a possible by-product of large-scale interconnection under 
certain conditions when a hydroelectric plant, possessing seasonal 
storage or pondage, can be tied into an interconnected system. 
Particularly in the case of low-head hydro-plants, units can be 
started up from standstill and synchronized in a small fraction 
of the time required for a steam unit, the total time for this 
operation being of the order of approximately one minute. 
As the customary. types of waterwheel governors permit syn- 
chronizing adjustment down to a low range of speed, restoration 
of service can be accomplished without cutting off commercial 
load when such hydroelectric units are available for standby 
purposes. This quick starting ability of hydroelectric units 
has been referred to by the late Dr. Eglin as “‘the hydro a-c. 
battery service,” comparable to a certain extent to the storage- 
battery service provided on large d-c. distribution systems. 
Referring to Mr. Mitchell’s paper, a question in connection 
with the foreeasting of river flow may invite & statement of 
general interest regarding the success that Mr. Mitchell’s 
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Since then the American Gas and Electric Company’s system 
has grown tremendously and as already stated, interconnection 
has grown with the system, in fact, wheneverand wherever it was 
at all economically feasible to make an interconnection, it was 
made. Very often it was found that interconnections could 
be made at a rather small expense, but the benefits, based on 
advance analysis, were not quite apparent. The connections were 
made, nevertheless, on general principle in such cases and subse- 
quent operation has always brought forth benefits far greater than 
were anticipated, so that we who have been working on intercon- 

nection, have come to believe that where an occasion for an inter- 
connection presents itself, it is at least as rational, and probably 
more rational, to prove the case against interconnection rather 
than the other way around. 

Fig. 12 herewith, shows the American Gas and Electric Com- 
pany interconnected system as it is, including that portion of it 
that is actually under construction. 

In Fig. 13 there is shown the Island of Great Britain, Scotland, 
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and Wales superimposed over the American Gas and Electric 
Company system. 

In Fig. 14 there is shown a map of the British Isles with the 
central electric-supply scheme as recently outlined in the British 
Technical Press.! It will be seen from Figs. 13 and 14 that 
taking into account the width of the American Gas 132-kv. 
network, it is more extensive than the proposed network for 
Great Britain. A rough check of the distances involved in the 
network in the two cases may also be of interest. According 
to the best available data, the total length of lines in the pro- 
posed British network will be approximately 2500 mi. The 
total length of the American Gas and Electric Company system 
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in miles is approximately 1227 and in circuit miles is approxi- 
mately 1870. No data as to the total capacity that will be 
connected to the British network have been found available at 
the present time but it is doubtful that it will approach the 
capacity already connected to the American Gas 132-kv. grid, 
if the capacity of the interconnections is included. 

In Fig. 12 the extent to which interconnection has been carried 
out between various parts of the American Gas and Electric 
system and foreign companies is shown. It will be noted that 
including the system in New Jersey and Pennsylvania, there are 
23 interconnections in actual operation, and the majority of them 
are 24 hours a day and 7 days a week interconnections. In 
other words, they are in parallel all the time. 

The approximate capacity of these interconnections is 340,000 
kw. The combined system peak of the interconnected American 
Gas and Electric companies at the present time is approxi- 
mately 490,000 kw. The total primary generator capacity is 


1. See Electrician, Vol. 99, No. 2578, pages 526 seq. and page 546. 
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approximately 543,000 kw. and the capacity, taking into account 
steam limitations, is approximately 503,000 kw. Including the 
stand-by capacity, that is steam capacity that is no longer 
used for daily carrying of load, the above figures are approxi- 
mately 690,000 kw. and 565,000 kw. respectively. 

It will at once be noted that this does not allow very much 
leeway in primary capacity for one or two big units being down 
but this is exactly where interconnection comes in. Аз illustra- 
tive of that, we may take an emergency condition that arose on 
the system last November when unit No. 1 at Philo (40,000 kw.) 
developed internal trouble and was taken out of service for 
inspection and repairs. Two weeks later, before unit No. 1 was 
replaced on the line, unit No. 2 (40,000 kw.) developed internal 
trouble and was removed from service, completely shutting 
down the Philo Plant and reducing the capacity of the system 
by 80,000 kw. It was not expected that unit No. 1 would be 
restored to service until the following week. This was on a 
Saturday, so that the system did not feel it at once but when the 
Monday load eame on the interconnections were immediately 
pressed into service and the following arrangements made: 

1. The connection with the West Penn Power Company 
(Connection No. 5, Fig. 12) was called upon for an additional 
15,000 kw. . 

2. The connection with the Ohio Public Service Company 
(Connection No. 9, Fig. 12) was called upon for the maximum 
possible load. 


Fic. 14—SIMpLIFIED МАР or Prorosep ENGLISH 132-KV. 
Grip INDICATED IN “Tur ErLEcTRICIAN" Vor. 99, No. 2578, 
Pace 546 
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3. The Cleveland Electric Illuminating Company (Connec- 
tion No. 8, Fig. 12) was called upon and Cleveland responded 
with a promise of all that possibly could be carried on the 66-kv. 
cables between Lake Shore and Oak Street Substations, allowing 
approximately 50,000 kw. to feed in to Akron or approximately 
30,000 above the normal amount. 

4. The interconnection between the Southern Ohio Power 
Company and The Ohio Power Company at Haydenville 
(Connection No. 12, Fig. 12) was called upon for 5000 kw. 
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5. The system south of the Ohio River was advised that not 
having been crippled it would have to take care of itself without 
any help from the north, calling upon its own interconnections 
if any help were needed. 

6. Some of the minor interconnections were called upon for 
their quota. 

The result of all this was that the interconnected system load 
of the American Gas and Electric Company subsidiaries north 
of the Ohio River was carried without the slightest disturbance 
on November 29 and until noon of November 30, when one of 
the Philo units was placed on to the line, and the load continued 
to be carried with a lesser call upon the interconnections until 
December 4 when the second unit came on the line. An im- 
portant fact in connection with this is that no large quantities 
of energy were transmitted any long distance but demand was 
taken either directly into the American Gas and Electric system 
of a number of near points, or as in one or two eases the relief 
was obtained by a substitution process. For example, whereas 
the system normally supplies Akron from 20,000 to 30,000 kw. 
and Cleveland does the same, the coming in of Cleveland with 
an extra amount equal to their normal or approximately a total 
of 50,000 kw., made it unnecessary for the American Gas and 
Electric system to feed the usual amount to Akron. 


On the question of diversity, it may be interesting to offer some 
figures. As stated, the system peak is approximately 490,000 kw. 
During the peak, the diversity between the interconnected 
companies, sub-dividing them into only four groups,’ is approxi- 
mately 15,000 kw. or 3 per cent. The diversity on the other 
hand, between the American Gas and Electric system and the 
Chicago system, due to the different characters of the loads and 
due to one hour difference in time, is far greater and is in the 
order of 60,000 kw. In other words, 60,000 kw. under the most 
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Point of Kw. 
No. Foreign Company Interconnection Capacity 
Atlantic City Electric Co. 
1 | Delaware Electric Power Co... Wilmington 8000 
Scranton Electric Co. 
2 Penn. Power & Light Co...... Stanton 50,000 
3 Penn. Power & Light Co...... Pittston 4,000 
4 Penn. Power & Light Co...... Peck ville 15,000 
The Ohio Power Co. 
5 West Penn. Power Со.......... Windsor 90,000 
6 West Penn. Power Co.......... E. Liverpool 2,000 
7 Duquesne Light Co........... South Ferry 2,000 
8 Northern Ohio Power & Light 
OO edie sate e le iat Canton 30,000 
9 Ohio Public Service Co........ Canton 15,000 
10 Ohio Public Service Co........ Shelby 10,000 
11 Northern Ohio Traction Co.... New Phila. 3,000 
12 Southern Ohio Power Co...... Haydenville 5,000 
13 Toledo Edison Co............ Pemberville 10,000 
14 Defiance Gas & Electric Co.... Auglaize 3,000 
15 Western Ohio Railway Co..... Lima 3,000 
Wheeling Electric Co. 
16 West Penn. Power Co.......... St. Marys 6,000 
Appalachian Electric Power Co. 
17 Carolina Power & Light Co.... Danville 15,000 
Kentucky and W. Va. Power Co. 
18 Consolidation Coal Co........ Fleming 3,000 
19 Consolidation Coal Co. ....... Martin 5,000 
Kingsport Utilities, Inc. 
20 Tennessee Public Service Co... Kingsport 15,000 
Indiana & Michigan Electric Co. 
21 Northern Indiana Public Ser- 
vice Со.................... New Carlisle 40,000 
22 Northern Indiana Power Co.... Plymouth 3,000 
Indiana General Service Co. . 
23 ' Northern Indiana Power Co.... Sweetser 4,000 


2. Appalachian Electric Power Company and subsidiaries: Ohio Power 
Company and Wheeling Electric Company; Indiana & Michigan Electric 
Company; Indiana General Service Company. 
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unfavorable conditions could be sent by? American Gas and 
Eleetrie intereonneeted system into the Chieago Distriet, and 
Chicago could send a considerable amount in excess of that in a 
reverse direction. 

In conclusion, we can say that it is our belief as a result of 
experience with an interconneeted system and with interconnec- 
tions with foreign companies extending over many years, that 
in addition to the many benefits of interconnection that have 
been so well stated in the papers under discussion, there is a 
number of points that are generally not brought out and these 
are: 

1. Interconnection is a logical outgrowth of the development 
of the power industry. In most cases where the possibility of 
interconnection presents itself it is at least as rational to investi- 
gate the reasons against the interconnection as to assume that 
the interconnection has to be proved. 

2. The actual benefits of interconnection will in the long run 
surpass the anticipated benefits. 

3. As a general rule it will be found that the maximum 
benefit of an interconnection can be obtained under those condi- 
tions where power can flow back and forth or where a multi- 
plicity of interconnections is involved, where an opportunity 
presents itself for substitution of energy from one point to the 
next and not by a direct transmission from any one extreme 
point of the system to the other. 

P. Junkersfeld: (communicated after adjournment) In‘er- 
connection in the electrice power industry was used as a part 
of the earliest networks, and later, beginning about 1890, to 
connect together d-e. networks adjacent or very near to each 
other for mutual assistanee in maintaining approximately proper 
voltage at and near such points. Soon after, larger mains and 
then special feeders or trunk lines were used, and as soon as 
alternating systems and prime movers were sufficiently developed 
to be kept continuously and satisfactorily in synchronism under 
service conditions, interchange of energy took place in much 
larger quantities between generating stations directly, or in- 
directly by shifting of substation loads from one transmission 
line to another. It soon became necessary to have a single 
continuous operating agency to coordinate electrical operation, 
and in most instances the individuals have been ealled load 
dispatchers, and were first referred to before the A. I. E. E. 
incidentally in a paper presented by the writer in 1901. 

Interconnections as generally understood today are maintained 
between different large elements of any one public-utility system, 
and between adjacent systems under different ownership or 
management to a greater and greater extent, both as to quantity 
of energy and as to distance. Most of the many advantages 
have been referred to in the various papers and in the discussions. 
These interconnections are usually a great operating convenience, 
and result in better service. 

There seems to be a tendency sometimes to install such inter- 
connections where the distance and other conditions affecting cost 
are such that the expenditure may not be justified by the non- 
coincidence of the peak loads or by the difference in generating 
costs on the two systems to be interconnected, or by the reduc- 
tion in reserve generating capacity or by other factors. The 
interchange of too large a proportion of the energy required on 
one of two systems to be interconnected may not be profitable, 
or be less profitable solely as a matter of reducing generating 
costs than the interchange of a smaller proportion at the much 
higher load factor that may thus become available. 

Instances like the foregoing have, however, heretofore been 
the exception. In the majority of interconnections the expen- 
diture is amply justified by the many investment and operating 
advantages already referred to in some of the various papers and 
discussions. One additional illustration is the interconnection 
between the San Joaquin and Great Western systems in Cali- 


3. Upon the completion of the Philo-Fostoria line now under 


construction. 
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fornia, where a 100-mi., 165-kv. interconnection released about 
20,000 kw. because of the diversity between these two systems. 
The sum of the two peaks on these systems was 267,000 kw. in 
1926. | 

The trend to operate the most economical sources of steam or 
hydroelectric power at larger and larger annual load factors and 
better continuity of service seems to indicate an increasing number 
of interconnections between systems, and with properly devel- 
oped load dispatching frequently affords opportunity to reduce 
total generating costs and also to improve the service rendered 
to the public. 

W. A. Naudain: (communicated after adjournment) Mr. 
Mitchell states that on a system combining run-of-river and 
storage hydroelectric plants and steam ‘plants, great savings 
can be made by accurate knowledge of river flows. Also careful 
study is being given to this by all large systems, and what the 
subsidiaries of Southeastern Power and Light Company have 
done, is typical of the other companies. 

If the United States Geological Survey which is primarily 
interested in the making of maps, could be impressed with the 
value of this information to the utility companies, they might 
be induced to include this—furnishing these data in connec- 
tion with their map data, with very little additional work to 
themselves. 

Also the Corps of Engineers of the several geographic divisions, 
who are to such a large extent connected with and interested in 
river flows might in connection with their regular work, supply 
these data for public utility benefit. This would result in making 
river data available to the utility companies without the resultant 
expense, which is a product of such a survey. 

М. E. Funk: I should like to say that I agree thoroughly with 
Mr. Lee. I think the shorter our transmission lines are, the 
closer we can build our generating stations to our load, the better 
off we will be. 

I say that because with this 220-kv. interconnection, it may 
look as though we are following the diametrically opposite course. 

The 220-kv. interconnection is rather unusual in that there 
is a very decided diversity in the loads concerned. Starting 
with the first section of the interconnection, the line between 
Siegfried and Plymouth Meeting, where about 50,000 kw. can be 
used, only as emergency because of the fact that there is only one 
line, the load will build up over 200,000 kw. interchange between 
morning and evening. A case like this is not so often found, and 
occurs only in this case because of the entirely differently shaped 
loads in the territories connected. 
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W. E. Mitchell: I will answer Mr. Allner's question first, 
as to how far baek the foreeasting goes. We only worked it out 
three years ago, therefore we had only three years to check it in. 
We have made our forecast for the next three years. 


I may say, we think the cycle is too short. If we could get a 
eyele of two hundred years or two thousand years, we might 
know something about the rainfall and prognostieate about its 
cyclic variation. As it is, we are making a good guess and the 
method of arriving at the guess is simple and very interesting. 


Now in the matter of intereonneetion, I am glad we are getting 
out of the intellectual and technical field. We are getting down 
to plain common sense. As Mr. Edgar has said, it is a matter 
that is inevitable but it isn't going to cure all sorts of troubles. 
Mr. Lee has hit the nail on the head. We are interconnecting 
where it is economically wise and we are trying to get the load 
and the place where the power is made closer together. After 
that, intereonneetion pretty nearly takes care of itself in the 
matter of improvement to serviee, and the reduetion in idle 
plant capacity. Undoubtedly there is entirely too much of that 
all over the country today, capacity that isn't earning a dollar 
for any of us, and yet which with isolated properties was essential 
for the protection of service. After all, it is service we are selling. 
We сап reduce: that idle capacity and therefore reduce the cost of 
that service through interconnection wisely developed. 


H. B. Gear: Replying to Mr. Allner’s request for a state- 
ment of the basis of charge between the companies in the Chicago 
District, the amount paid consists of three parts, 

(a) thecapacity charge, 

(b) the regular energy charge, and 

(e) thesurplus energy charge. 

The capacity charge is paid by any company deficient in 
capacity or reserve, and consists of fixed charges on generating- 
station capacity, step-up transformers, and interconnecting lines. 


The regular energy charge consists of the cost of producing 
and delivering the kilowatt-hours taken by any company under 


. its deficiency requirements. 


The surplus energy charge consists of charges directly propor- 
tional to kilowatt-hours (chiefly fuel) for energy taken at off- 
peak hours, for the purpose of realizing the advantage of lower 
production costs in the neighboring station than can be realized 
at stations in the zone where the energy taken is utilized. 


It is the intent that the most economical units will be working 
at their highest practicable load at all hours. 
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Saturation Permeameter 
BY S. L. GOKHALE: 


Member, A. I. E. E. 


Synopsis.—The saturation permeameter is a device for speedy and 
accurate measurement of saturation value of magnetic material; 
that is, for measurement of the limiting value of intrinsic induction 
(8) characteristic of that material. The permeameter in its present 
form is of the well-known bar-yoke type, with a magnetizing coil ca- 
pable of producing a magnetizing force of H = 4500 g. without 
excessive heating. The permeameter is equipped with a compensating 
coil whose function is to compensate automatically for the spatial 
flux enclosed by the potential coil, so that the ballistic deflections 
indicate the saturation value without further computation or 


HE following symbols are used in this paper 
with the corresponding unit stated in 
brackets: : | 
Total induction or flux density (gauss). 

Intrinsic induction (B — H) (gauss). 
Magnetizing force (gilbert per cm.; briefly g.). 
Spatial induction (gauss). 

Interlinkage (Maxwell). 


эшш = 
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Magnetizing current (ampere). 
Saturation value; 7. e., limiting value of 8. 


Cross-section of material under magnetic test. 
Number of turns of potential coil. 
e Mutual inductance of the compensating inductor. 
I H-factor of the permeameter. 
Saturation point; 2. e., the value of Н at wen 8 
reaches the constant value S. 
Intrinsic permeability, (B — H)/H, or y — 1. 
"The symbol H is ambiguous, but the ambiguity 
causes no inconvenience and is therefore left 
uncorrected. 
1. General Engineering Lab., General Electrie Co., Schenec- 
tady, N. Y. 


Presented at the Winter Convention of the A. I. E. E., New York, 
N. Y., February 18-17, 1928. 
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Cross-section of space enclosed by potential coil. - 


correction. The permeameter is available for accurate measurement 
of saturation value of such material as is saturated well within the 
working range of the permeameter, i. e., with a magnetizing force of 
Н = $000 g., or less, which includes all magnetic material used for 
electrical engineering purposes except those for permanent magnets 
and cobalt. The saturation permeameter is also available for approxi- 
mately correct measurement of В or B, for range of H below the 
saturation point as far down as H = 200 g. In speed of testing 
and accuracy of the measured saturation value, this permeameter sur- 
passes all devices for saturation measurement developed heretofore. 


METHOD OF TEST 


For scheme of wiring see Fig. 2. The compensating 
inductor which is a variable mutual inductor М, is 
adjusted to the required value approximately to start 
with, and exactly by trial as the test progresses. The 
permeameter is then treated like the ordinary bar-yoke 
permeameter, using magnetizing eurrentsranging from 5 
to 80 amperes. If the upper part of the magnetization . 
curve thus obtained appears to be straight over a 
considerable range, after making a reasonable allowance 
for stray points, it is assumed that the sample is really 
saturated for that range. The compensator is then 
adjusted by trial until the deflection for the supposed 
saturation range appears to be strictly constant. The 


constant value of 8 thus indicated is accepted as the 


true saturation value. The lower part of the mag- 
netization curve is theoretically not reliable, but it has 


Fia. 


This illustrates the compensation method. It is also the connection 
used with slight modification in testing the range of reliability of the 
instrument 


2—WIRING DIAGRAM FOR DETERMINATION OF SATURATION 


P = Source of power, direct current 

R = Control rheostat 

A =Ammeter 

Mag. =Magnetizing coil of saturation permeameter 
{ = Potential coil for measurement of 8 


H’ = Coll for measurement of H’ located in the space between the test 
sample and the inner surface of the magnetizing coil (not shown 
in this diagram; used for test in paragraph 5, Fig. 4) 


Mc «Mutual inductor—variable for compensation 
P—Primary coil 
S—Secondary coil 
6 ss Galvanometer 


been observed that for magnetizing forces as low as 
H = 200g. the ВН curve by the saturation per- 
meameter is in very close agreement with the cor- 
responding part of that curve by the Bureau of 
Standards compensation method (Fig. 3). This value 
of magnetizing force (H = 200 р.) is therefore ac- 
cepted as the lower limit of reliability of the saturation 
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permeameter, although in some cases the agreement 
may reach down to lower magnetizing forces (Fig. 6). 


DETERMINATION OF H-FACTOR 


The function of the compensating inductor is to 
compensate for the spatial flux enclosed by the potential 
coil of the permeameter. When the compensation is 
exact, as shown by the constancy of the indicated value 
of 8, the interlinkage of the secondary coil of the in- 
ductor must be equal to the spatial interlinkage of the 


permeameter. Expressed analytically, we have the 
equation | | 
As = АС 
or, HnA = M,1/10 
where А, is the spatial interlinkage of the potential coil 
of the permeameter, 
№, is the interlinkage of the secondary coil of the 
compensator. 


Then, the H-factor of the permeameter is 
H/I =M./10nA 


0 400 800 рю 1600 2000 
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Fig. 3—Curves or 2% Per Cent SiLicoN-STEEL SHEET 


Tests on sample No. D-7. 8 H curve and 8 џ; Curve are shown. The 
numbers on the 8 ^ curve indicate values of H 


CONDITIONS OF RELIABILITY; BASIC ASSUMPTIONS 


When the compensation is exact, as indicated by the 
constancy of the observed ballistic deflection, the inter- 
linkage under measurement is constant; hence we have 
the equation 

8Bna--HnA-—M 1/10 = А, = constant 
where А, is the value of the total interlinkage measured, 

B n a, interlinkage of intrinsic flux, 

H n A, interlinkage of spatial flux, 

M I/10, interlinkage of compensating inductor. 

By differentiation with relation to I, we get 


ав ан dH 
na. qH qr тА qr М/10 = 0. 


d 8/d H = (M/10—nA .d H/d I)/(na . d H/d I) 

Assumption I. Assuming that the H-factor of the 
permeameter is constant for the range under considera- 
tion, we have the equation 


Н/І = С 
dH/dl-C 
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Substituting this value in the above equation, we get 
d8/d H = (M/10—nAC)/naC 
= constant 


Assumption II. At this point, a further assumption 
is made, viz., that if d 8/d Н is constant, the value of 
the constant is zero. Graphically, it is assumed that 
if any extensive part of the 8 Н curve be straight, it is 
at the same time also parallel to the axis of H. In 
other words, it is assumed that no large part of the 
8 H curve is straight without being parallel to the axis 
of H. With this assumption, the above equation is 
reduced to the two equations, 


d 8/d H =0;andnAC = M/10. 
_ From the first equation we get 
= constant 
= 5; (saturation value) 
From the second equation we get 
H-factor = C = M/10nA 


The reliability of these two measurements depends 
upon the validity of the assumptions (1) constancy of 
the H-factor for the required test range; and (2) ab- 
sence of straightness of the 8 H curve except when 
saturation is reached. 


The constancy of the interlinkage by itself does not 
carry with it unconditionally the assurance of satura- 
tion, or the accuracy of the measurement of S, or of 
the H-factor. The equation 

d8/d H = (M/10—-nA .d H/d )/(na .d H/d I) 
might hold true when neither d H/d I nor d 8/d H are 
constant, because it may be that the variations in 
B due to changes in H might be balanced by changes in 
H due to variations of H-factor. It can be shown, 
however, that in the case of the saturation permeameter 
under discussion, the constancy of the observed de- 
flection is not brought about by balanced variations 
of this kind. Space limitations prevent the discussion 
of the proof of this point. 


Validity of Assumption I. There has been no 


method discovered for direct measurement of H at a 
.point in the test sample, and not even for indirect 


measurement, except under certain favorable conditions 
which are not present in this case. But the value of 
H at a point inside of the magnetizing coil and in close 
proximity to the sample can be easily measured by 
ballistie determination of spatial flux near that point. 
(For test data see Fig. 4) A study of the curves 
shows that the H-factor for the proximate space is 
practically constant, the deviation from constancy 
(A 0/0) being undetectable for I = 5to20 amperes 
and less than one part in 1000 for the range I = 3 to 
29 amperes. On the basis of this observation it seems 
reasonable to assume that the H-factor in the body of 
the sample is also constant within the same limits, 
because the causes that tend to produce deviation in 
the one case are also the only possible causes operative 


* Wie. 
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in the other case. It is therefore assumed that in the 
ease of this saturation permeameter, the H-factor is 
strictly constant for values of I between the limits 
5 to 20 amperes (H = 750 to 3000 g.) and almost con- 
stant for I = 3 to 29 amperes (Н = 500 to 4000 g.). 
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Fic. 4—H-Factor CURVE AND Precision Limits 


Validity of Assumption II. The second assumption 
underlying the compensation method is, that no part 
of the 8 Н curve is straight without being parallel to 
the axis of H at the same time. Stated analytically 
the assumption is that 48/4 Н is not constant but 
varies with H, except when it (1. e., d 8/d H) becomes 
zero. The assumption is supported by numerous tests 
on magnetic material of various kinds, tested in 
the form of toroid rings to preclude uncertainty due to 
possibilities of error inherent in other methods of test. 
It was found in all these cases that the 8 H curve was not 
straight until the saturation point was reached, after 


5—CuRVATURE or 8H Curve BELOW SATURATION 


The curve is for л В/л Н as a function of H. Standard sheet-steel 
toroid rings used with compensation for spatial flux 


which point the curve was straight and parallel to the 
axis of H. In no case was a large part of the curve 
straight without being parallel to the axis of Н? In 
order to submit the matter to a more severe test, one 
toroid ring was tested by the differential test. (See 


2. Gokhale, Sept. 1926, p. 853, et. seq. 
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Fig. 5.) In this case the value of А 8/А И is not con- 
stant until it is reduced to zero. All reliable data thus 
far are in support of the Assumption II, and there are 
none to contradict it. 

Examples of apparent exceptions are given in para- 
graph on Form of Intrinsic Permeability Curve (see 
Incidental Observations). 
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Fic. 6—8 H CurvVES FoR PERMALLOY Rop 


Limit of Error, + 2% gausses 


Experimental Evidence of Reliability. Fig. 6 repre- 
sents the 8 H curve for a sample of permalloy by the sat- 
uration permeameter, this sample being selected for the 
reason that it can be saturated by a magnetizing force 
of H = 200 g., which permits its saturation value to 
be determined by the Bureau of Standards compensa- 
tion method, whose reliability has been accepted as 
indisputable. The close agreement of the two 8 H 
eurves by the two methods constitutes a very persua- 
sive argument as to the reliability of the saturation 
permeameter. This experiment disproves the balanced 
compensation referred to in paragraph on Conditions of 
Reliability and confirms the validity of the two basic 
assumptions. Full discussion cannot be given in this 
paper. | 
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Fie. 7—SaATURATION OF PURE IRON 


Curve 1 was taken by the saturation permeameter; curve 2, by the Bureau 
of Standards isthmus permeameter. Curve 1 shows the absence of stray 
points by the saturation test 


Internal Compensation. For further simplification 
of test procedure a small coil of sufficient interlinkage- 
coefficient, located in the proximate space, may be 
used in place of the compensating inductor. This 
method of compensation has the advantage of simplify- 
ing the test procedure, as the adjustment is made once 
for all arid needs no further consideration. 
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INCIDENTAL OBSERVATIONS 
Absence of Stray Points. The saturation part of the 
BH curve by the method outlined herein is free of 
stray points. This is due to the fact that the ballistic 
deflections for this part are not dependent on the exact 
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Fic. 8-1—8 и Curve Bv THE Lonc-SoLENoID METHOD 


This is the method of B. O. Peirce, Academy of Arts and Science, (Vol. 
49-2, p. 139, Table 6) 
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Fic. 8-2—6ц CURVE BY — Istamus METHOD 


By Gumlich, Arch. f. Elec., Vol. II, p. 471 
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Ета. 8-3—8 и Curve Bv BUREAU OF STANDARDS IsTHMUS 
PERMEAMETER 


By Cheney, Bureau of Standards. Paper No. 361, p. 633 


value of the magnetizing current; any error in reading 
the ammeter has therefore no effect on the deflection; 
all the observation points for this part of the curve 
fall on a straight line parallel to the axis of H. In this 
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respect this method of test surpasses all other methods. 
(For comparison, see Fig. 7.) 

Speed of Test. Since the accuracy of measurement 
of S does not depend on the accuracy of the ammeter, 
it is needless to waste time in accurate adjustment or 
reading of the current. The only reason for reading 
the ammeter at all is to assure that the observation 
points which should be sufficient in number and reason- 
ably well distributed are actually so: the operator is 
instructed to waste no time and effort over accuracy of 
reading of the ammeter; this contributes to speed of test. 

Freedom from Excessive Heating. The rapidity of 
test prevents excessive heating and thereby adds to the 
accuracy of the test. It is well known that variation of 
temperature constitutes one serious source of error 
in measurement of saturation value. 

Form of Intrinsic Permeability Curve. The form of 
the 8 и; curve obtained by the saturation permeameter 


(Fig. 3) possesses all the characteristic peculiarities 


of the curve, by the compensated toroid ring method 
described in the Law of Magnetization.2 The corre- 


Fic. 9—SaTuRATION OF NickEL-IRoN ALLOY RING 


By INCREMENTAL METHOD 
Limit of Error, = 216 gausses 


sponding curves by other methods of test do not gener- 
ally possess that form which indicates the unreliability 
of those methods (see Fig. 8). In such cases only, the 
B Н curve is straight over a considerable range, with- 
out being at the same time parallel to the axis of H. 
These curves constitute the apparent exceptions to 
the Assumption II referred to in validity of Assumption I. 

Demonstration of Saturation. Incidentally, we have 
now an experimental evidence of the phenomenon of 
saturation by a large number of tests on toroid rings, 
and therefore free from any uncertainty inherent in 
any type of permeameter whose reliability is unproved. 
In one case (see Fig. 9), the ring was tested by the 
method of increment which reduces the limit of ob- 
servation error to 2.5 gausses in 8. In this case the 
variation of the curve from straightness—if there be 
any variation at all—does not exeeed one part in 
5000. This experiment therefore constitutes a con- 
vineing evidence of the phenomenon of saturation, 
and therefore also a confirmation of Weber's theory 
of molecular orientation. 

Limits to the Use of Saturation Permeameter. The 
theory of the saturation permeameter implies two 


3. A.I.E. E., Trans. 1926 Vol. 45, p. 1023 and Disc. р 1033, 
Figs. 4-0, 6-0. 
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limitations to its use. First, the test sample must be 
capable of saturation well within the upper precision 
limit of the permeameter, viz, Н = 4000g. (See 


Fig. 4.) For practical reasons H = 3000 is regarded 
as the upper limit. Magnetic material which does not 


reach saturation at this point, such as cobalt, cannot 
be successfully tested by this permeameter, for deter- 
mination of saturation value. Second, the saturation 
permeameter is not theoretically available for accurate 
test much below the lower precision limit, (viz., 
H = 750¢., see Fig. 4). But it has been observed 
in all cases that the curves obtained by this perme- 
ameter agree very closely with corresponding curves by 
the Bureau of Standards method, down to H = 200 g. 
(See Figs. 3 and 6.) This value of H is therefore 
considered as the lower limit of practical reliability. 


CONCLUSION 


From the preceding arguments, data, and curves, 
it follows that the saturation permeameter is speedier 
and more reliable than all other types of apparatus 
used until now for determination of saturation value. 


Discussion 


W. В. Kouwenhoven: І should like to know if the straight 
line relation between deflections for H and magnetizing eurrent 7 
for the range of 5 to 20 amperes of Fig. 4 of the paper will hold 
for all specimens tested. It would also be helpful if Mr. Gokhale 
would give additional data as to the size of speeimens which the 
permeameter will hold, the number of turns, the size of wire, the 
resistanee of the winding, and the dimensions of the device. 
These data will serve to make the paper more valuable. 

The means for holding specimens in & permeameter are of 
importanee as different results may be obtained by various 
clamping arrangements. The temperature of the specimen will 
also affect its magnetic characteristics and at high densities there 
is usually considerable heating. I should like to have Mr. 
Gokhale tell us something about the methods used for clamping 
specimens and about the temperature rise of specimens in his 
permeameter. 

Hans Lippelt: 
as representing the saturation point, e. g., that value of H at which 
В reaches the constant value S. As is well known, this value of H 
is; theoretically, infinitely large. 

For praetieal purposes the distinetion of being the saturation 
point may be assigned to a certain finite value H,, with which, 
however, must be associated the faet that the eoordinate value 
B, is only very near to the actual saturation S of the material. 

The definition of H, should then be qualified by the state- 


S — p. 
oo 


Furthermore, when determining the saturation point by the 
saturation permeameter, its sensitiveness and that of the galva- 
nometer should be made known. In other words, it should be 
stated (a) either whether the new permeameter and other parts 
of the outfit are sensitive enough to record changes of 8 at the 
magnetic limit set by the above tolerance, or else (b) what other 
tolerance determines the upper limit of the permeameter’s 
ability. 

In connection with the avoidance of excessive heating, of 
which the author speaks, it seems that the permeameter could 
be improved by using wire made of copper having super-con- 
ductivity. I understand the General Electric Company has 
developed such copper of superconductivity. 


ment of a conventional ''toleranee" 


SATURATION PERMEAMETER 


The writer gives in his paper a quantity H, 
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S. L. Gokhale: The straight-line relation of H’ to J, over a 
wide range of H, as indicated by the zero deviation over the 
range of J from 5 to 20 amperes, or to express it more precisely, 
the constancy of the H-factor over that range, does not hold 
true for all material. We have found by measurement that it 
does not hold true for magnetic material in the hardened state, 
even when the sample is apparently saturated within the recog- 
nized upper working limit of the permeameter, viz.: H = 3000 
to 4000 gausses. For example, Fig. 1 herewith is the apparent 
B Н eurve for two bars of magnet steel indicating a saturation 
value of 8 = 17,000 and 16,900 gausses respectively, and a 
saturation point of H, = 2500 g. But the corresponding 
deviation curve, Fig. 2 herewith, is not straight which makes the 
saturation measurement unreliable. As far as we know until 
now, the failure of the saturation permeameter is limited to 
material for permament magnets. The deviation curve is 
straight over a wide range for all other material used for electri- 
cal engineering purposes in our work. These facts have been 
stated clearly but very briefly in the synopsis. 

With reference to permanent magnets, we have found more- 
over, that by using a sample of smaller cross section we can 
obtain the corresponding deviation curve with lesser curvature. 
Further work in this direction is in progress. From the above 
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Fic. 1—Tunasten MAGNET STEEL, MAGNETIZATION CURVES 
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observation it follows that if a sample of any material falls within 
the class for which the permeameter is reliable, a smaller sample 
of the same material will also fall in the same class. This con- 
clusion has been verified by observation by testing two samples 
of the same material of very unequal cross sections. 

With reference to size of sample, this permeameter was first 
designed for testing bundles of sheet steel, 3 em. broad, 25 em. 
long, and about Y$ em. thick, (16 strips of 0.014 in. sheet steel). 
It was subsequently used for testing fewer strips down to single 
strips and has proved satisfactory in every case. The perme- 
ameter has been used for testing flat bars and has proved satis- 
factory for this purpose also except, of course, in the case of 
permanent-magnet material. 

By using auxiliary pole shoes, the permeameter has been 
adapted for round rods of 6 mm. diameter, and has proved quite 
reliable for this purpose. A second permeameter has been con- 
structed for testing round rods of %-in. diameter; it is also 
reliable for all material except permanent-magnet steel. 

With reference to clamping, it has been observed that variation 
due to faulty clamping is very slight, and consists of error in the 
indicated value of the saturation point H,; it does not affect the 
saturation value. In one case on record the insertion of one 
thickness of tissue paper did not affect either of the two readings; 
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the insertion of a thicker paper apparently increased the value 
of H,, but not of S. It follows from this that slight variations 
in clamping such as will occur in every-day work without excep- 
tional earefulness, lead to no error at all in the measurement of S, 
and practically no error in the 8 H curve below saturation. 


With referenee to heating, I should have called attention to 
what looks like a pair of horns on the top of the permeameter 
(see Fig. 1 in the paper). The permeameter is provided with a 
cooling chamber into which is forced a blast of cold air through 
one of these horns, the other being used as an outlet. This 
method of cooling combined with the speed of testing possible 
with this permeameter, permits an accurate determination of 
saturation value with a rise of temperature of the sample not 
exceeding 1.6 deg. cent. The following is a sample of a complete 
test: : 


Standard Sheet Steel 0.014 in. 
Tested with Saturation Permeameter 


H B Temp. 
4000 20,600 28.5 deg. cent. 
3000 20,600 
2500 20,600 
2000 20,600 
1500 20,600 
1300 20,550 
1200 20,525 
1000 20,500 

900 20,470 

800 20,425 

700 20,400 

600 20,300 

500 20,150 

400 19,800 

300 19,200 

200 18,300 

100 17,050 30.1 


Rise 1.6 deg. cent. 


In attempting to reach higher values of H with the perme- 
ameter, the real difficulty lies not in producing the higher values 
of H, but in the accurate measurement of the values so produced. 
A reference to Fig. 4 of the paper will show that in that particular 
case we have actually reached a value of H = 7200 g., that is, 
75 per cent above the regular upper limit, but at this point the 
deviation of the H-faetor from constancy is nearly 2 per cent, 
which is fatal to the reliability of the permeameter. Until this 
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- difficulty is surmounted, it is no use trying to force H to higher 


values by any means. 

The desirability of more data is indisputable; in fact they were 
included in the paper when it was first prepared, but were subse- 
quently omitted for convenience of publication. Such informa- 
tion will be sent to any one who chooses to go deeper into the 
subject. 

With reference to Mr. Lippelt’s question, it is not clear to me 
what theory he has in mind. Personally, I know of no well 
established theory which ealls for a slow and gradual approach 
of the 8 H curve to the saturation limits. On the contrary, I 
have a strong bias in favor of the view that as saturation ap- 


Second Area of Test Sample 3.33 Square Centimeters 


Second Area of Test Sample 1.08 Square Centimeters 
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proaches, the 8 Н curve deviates from whatever law it follows 
up to then, and rapidly reaches the saturation limit and then by 
an abrupt change follows the saturation line. I confess frankly 
that it is merely a bias at present, but it seems to be a very 
reasonable hypothesis. 

Leaving aside the theoretical aspect of the question and dealing 
with the subject in its practical aspect, the point H, is defined as 
that value of H, for which the corresponding value of latent 
induction Y, that is, S — B, is less than the least detectable 
value under the condition of test. For example, in Fig. 6 the 
value of error is only 214 gausses. In every case the limit is 
determined by the sensitivity of the galvanometer used for the 
particular occasion. 


Compressed Powdered Permalloy 
Manufacture and Magnetic Properties 


BY W. J. SHACKELTON': 


Associate, A. I. E. E. 


Synopsis.—The paper gives a brief description of the manu- 
facture of magnetic cores of compressed permalloy powder followed 
by information covering their magnetic properties with particular 
reference to their use in loading coils. Production of the powder, 
and its insulation, pressing, and annealing are discussed. Under 


INTRODUCTION 


T is now somewhat over ten years since conimercial 
use was first made of loading coils having cores of 
compressed powdered iron. During this period 

al but a relatively small percentage of the loading 
coils produced for the Bell System have been of this 
type. The general construction of these coils, the 
practises employed in their application to the telephone 
plant, and the theory underlying these practises have 
been thoroughly discussed in previous papers.*5 The 
distinguishing feature of these coils that is of interest 
in connection with the present subject is the type of 
magnetic material used in their cores, namely, com- 
pressed powdered iron. The iron used for this purpose 
is electrolytically deposited in such a manner as to be 
readily reducible to a fine powder. This powder, 
after its particles have been coated with a suitable 
‘insulating film, is formed, under high pressure, into 
rings of approximately rectangular cross-section. One 
or more of these rings may be used to form a complete 
toroidal core, in the manner shown in Fig. 1. The 
method of manufacture and the properties of such com- 
pressed, powdered iron cores were described by Buckner 
Speed and G. W. Elmen* in a paper presented before 
the Institute in 1921. 


Some years ago a nickel-iron alloy, particularly 
valuable for its magnetic properties, was developed.’ 
This alloy, known as permalloy, was described by 
Arnold and Elmen® in 1928. Permalloy is especially 
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magnetic properties, permeability, core loss, and modulation are 

treated. Curves are given illustrating the characteristics of interest’ 
in connection with the design and application of loading coils; and 
comparisons to corresponding characteristics of compressed powdered 

tron are made throughout. 


adapted to many uses in the realm of communication, 
on account of the fact that its permeability at low fields 
is many times higher than for any other known, mag- 
netic material. Until recently this material has, 
however, been fabricated only in the form of ductile 
sheets that could be blanked to various shapes for use 
in such telephone apparatus as relays and transformers, 
or in the form of wire or tape that could be applied to 
the continuous loading of submarine telegraph cables. 

On account of the low hysteresis loss that is char- 
acteristic of permalloy, its application to the cores of 
loading coils seemed desirable. In the sheet or tape 
form, the material is not particularly adapted to this 
purpose. As was discussed in the Speed-Elmen paper,’ 


Fig. 1—ComMprEsSED POWDERED Iron Сов LoapiING COIL 


such cores must meet the following rather severe electri- 
cal and magnetic requirements: 

1. The permeability must remain constant over the' 
range of magnetic induction corresponding to the · 
normal range of telephone currents, and it must always | 
return to very nearly its original value after the ap- ' 
plication of large magnetizing forces. | 

2. Modulation effects caused by hysteresis must be 
small. 

8. The total of the hysteresis and eddy-current} 
losses must be low. | 

To satisfy these requirements it is necessary to have 
the cores operate at low magnetic inductions, a con-: 
dition which is most readily fulfilled by the use of 
compressed powdered materials. This type of core 
affords, in addition, an economical means of obtaining 
the fine subdivision required. to keep eddy-current 
losses at a minimum. Early attention was directed | 
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toward the possibility of fabricating permalloy into 7 


a powder, and of insulating and forming this powder, 
under high pressure, into core parts. Many difficult 
problems have been encountered in this work; and it 
was only after a large amount of experimental develop- 
ment that the method now in use for commercially 
attaining this end was evolved. The present paper 
describes this method and discusses the important, 
characteristic properties of such compressed, powdered 
permalloy cores. 


MANUFACTURE 
Manufacture of Permalloy Powder. The first part 


of the problem, to develop a method for. economically 


manufacturing on a large scale the fine alloy powder, 
was undertaken and solved by the engineers of the 


Fig. 2—PHOTOMICROGRAPH OF Hor-RoLLED BRITTLE 
PERMALLOY. MAGNIFICATION APPROXIMATELY 66 
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the production. of a brittle, grindable alloy with par- 
ticular reference to the effects of the melting practise 
and the subsequent working of the cast alloy ingot. 
This work, due largely to C. P. Beath and H. M. 
Heinicke, has lead to the establishment of a melting 
and rolling practise by means of which the permalloy 
сап be made so brittle that strips 14 in. thick can be 
easily broken by hand. Such brittle material is easily 
reducible to a fine powder by means of a hammer mill, 
a ball mill, or attrition mill. Fig. 2 shows а photo- 
micrograph of a properly rolled slab. The fine crystals 
and the fracture following the crystal boundaries are 
to be noted. mE 


This method of producing permalloy powder has 
been applied to nickel-iron alloys ranging from 70 
per cent to 90 per cent nickel. The permalloy, used 
for the cores discussed in this paper, contains ap- 
proximately 80 per cent of nickel, as with such a com- 
position the low hysteresis loss and high magnetie 
stability desired for loading coil cores are best obtained 
simultaneously. 


9. U.S. Patent 1523109, Jan. 13, 1925, G. W. Elmen. 


amm Electric Co. Experiments were directed to 
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Manufacture of Compressed Powdered Permalloy. 
Cores made from uninsulated permalloy powder have 
high eddy-current losses, thus making it necessary to 
insulate the individual particles before pressing. Early 
attempts at doing this were unsuccessful, partly due to 
the fact that the particles, hardened by the mechanical 
working in the ball mill, sheared through the thin film 
of enveloping insulation during the pressing operation. 
In order to reduce this shearing action it was found 
advantageous to soften the powder by annealing it 
before insulating. This annealing also has a desirable 
effect upon the hysteresis loss. During the annealing 
operation, the powder sinters together into a hard 
cake. This cake, however, is easily reducible to powder 
again by passing it through a rotary crusher and an 
attrition mill. The resulting annealed powder is of a 
silvery white color and contains a wide variety of sizes 
of particles. Fig. 3 shows a characteristic distribution 
of particle sizes in annealed permalloy powder. ` 

The next part of the problem encountered, that of 
insulating the permalloy powder, was decidedly more 
complex than for compressed, powdered iron cores, as 
insulated powdered permalloy cores must withstand a 
heat treating operation in order to develop their 
characteristic properties. This is largely necessitated 
because of the detrimental effects produced by the high 
pressure used in forming the core parts. As the 
temperature of this heat-treating operation is above 
that at which the ingredients that would ordinarily 
be used for this purpose lose their insulating properties, 
it was necessary to develop a radically new kind of 


0 5 10 5 2 25 30 35 40 45 
. MESH OPENING-INCHES X I0* 


Fic. 3—DisTrRiBUTION oF PARTICLE Sizes IN ANNEALED 
PowpDERED PERMALLOY. Curve SHows PROPORTION BY 
WEIGHT OF PARTICLE SIZES GRADED AccorDING TO MESH 
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insulator. The fineness of the powder also required 
that this insulator be of extreme thinness in order to 
obtain in the compressed aggregate a specific gravity 
comparable to that of the solid metal; a condition 
necessary for the attainment of useful permeability 
values. 

The method employed makes use of several refractory 
materials, some of which are mixed dry, with the 
permalloy powder, and others then added in a water 
solution. The amount of insulating material added is 
regulated so as to control within limits the permeability 
of the pressed cores. The mixing is done in a rotating 
barrel, shown in Fig. 4. This barrel is heated while it 
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revolves, and in the course of mixing the volatile in- 
gredients are evaporated; and finally a brownish, 
insulated powder is obtained. In the development of 
methods of insulating the powder, and making cores 
suitable for loading coils, the work of J. W. Andrews, 
R. Gillis, and A. F. Bandur, of the Western Electric 
Co., may be particularly mentioned. | 

The insulated, permalloy powder is formed into cores 
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by pressing it in steel dies at approximately 200,000 Ib. 
рег sq. in. Fig. 5 shows the effect of forming pressure 
upon permeability. For performing this operation the 
improved press shown in Fig. 6 has been developed. 


PERMEABILITY 


25 50 75 00 125 150 
FORMING PRESSURE-TONS PER SQUARE INCH 
Fic. 5—ErrkcT or FORMING PRESSURE ON.PERMEABILITY OF 
COMPRESSED, POWDERED PERMALLOY | 


This press is equipped with a pneumatic-cushion base 
so that, when the pressure builds up to the desired value, 
it is automatically relieved. On account of this 
construction the press is more rapid and economical in 
operation than the steam-hydraulic press mentioned 
in the Speed-Elmen paper, and gives a more uniform 
product. The various pressures required by different 
sizes of cores are attained by the proper setting of a 
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release valve. The press can be calibrated by the 
use of a Crosby Indicator that records the pressure 
throughout the whole pressing cycle, as an ordinary 
gage is not able to follow this fast cyclic change. 

- It has been mentioned that it is necessary to anneal 
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the compressed powdered permalloy cores. This 
heat-treating operation also serves to increase the 
mechanical strength of the pressed cores. It is neces- 
sary to control the time and temperature of this anneal 
rather closely, as annealing at too high a temperature ог. 
for too long a time will break down the insulator; 
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Fig. 7—ANNEALING FURNACE 


and annealing at too low a temperature will not develop: 
the desired low hysteresis loss. This requires that the 
core parts be brought up to annealing temperature at:a 
rapid rate, and when large charges are annealed the 
temperature must be uniform. In present commercial 
praetise this annealing is conducted by inserting the 
core rings in the type of furnace shown in Fig. 7. 

The heat-treated, compressed powdered permalloy 
cores contain a small amount of water-soluble matter 
which is accordingly removed by an extraction process. 
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After this operation, the cores are vacuum-dried and 
covered with a thin coating of shellac. The vacuum- 
drying operation is performed in the same tank that is 
used for extracting the soluble matter, in order to avoid 
an extra handling operation. Fig. 8 shows the equip- 
ment used for this purpose. 

From the above general description it can be seen 
that while the process of manufacture of compressed, 
powdered permalloy cores is in some respects similar 
to the method of manufacture of compressed, powdered 
iron cores, In many respects the processes are very 
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different. In order to ensure a satisfactory produet 
it is necessary to control closely the manufacturing 
variables at all stages of the process. 
of the rolled alloy and grain-size of the powder depend 
upon the melting and hot-rolling conditions that are 
used, and this grain-size, in turn, has an effect upon the 
eddy-current losses. The amount of insulator used 
and the purity of the insulating ingredients also greatly 
affect the permeability of the core. The hysteresis 
loss is vitally: dependent upon the annealing cycle 
applied to the formed core parts. The effects of manu- 
' facturing variables have, however, been extensively 
explored. As a consequence, it is possible, by the 
exercise of careful control, to manufacture a product 
having well-defined characteristic properties, such as 
described below. : | 


PROPERTIES OF COMPRESSED, POWDERED PERMALLOY 


Specific Gravity. As noted, the relative proportion 
of powdered alloy and of insulating material is varied 
in the control of the volume permeability. Within 
the limits generally found necessary for this purpose, 
the specific gravity varies from 7.8 to 8.3. These 
values may be compared with the value of 8.6 for 80-20 
Ni-Fe alloy in sheet form. 

Tensile Strength. As is the case with powdered-iron 
core rings, the compressed-powdered permalloy rings 
are quite strong enough to satisfy all manufacturing 
process requirements, relative to handling and to 
machine winding. Tests to rupture on individual 
rings give an average breaking point strength of 265 
lb. per sq. in. in tension. 

Resistivity. 'The resistivity, as measured by d-c. 
methods directly on the rings, may vary over a con- 


magnetic properties. 


The brittleness | 
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siderable range without having significant effect on the 
Typical values are from 1 to 20 
ohm-cent. It is found that a resistivity below this 
range is an indication of incomplete insulation of the 
particles, and of higher than normal eddy-current 
losses. 

Permeability. This property is of prime importance 
in a material for use in loading-coil cores. · The function 
of the loading coil is to add a specific amount of induc- 
tance to the telephone circuit at each of the periodic 
points at which these coils are inserted serially into 
the line. In the ideal case, the inductance, so added, 
would be perfectly constant under all conditions of 
service, and the coils used for the purpose would intro- 
duce no additional losses into the circuit. In practise, 
of course, these ideal characteristics are only approxi- 
mately realized. Each coil necessarily adds the d-c. 
resistance of its windings to that of the circuit. Power 


‘losses in the magnetic material of the core contribute 


an added resistance factor. The constancy of the core 
permeability under the conditions of normal operation 
and of service hazards limits the inductance constancy 
of the coil. Ata given cost for the loading, the magni- 
tude of the permeability defines the lowest winding 
resistance that can be obtained and, likewise, but more 
indirectly, the core-loss resistance. From the stand- 
point of obtaining coil windings of low d-c. resistance 
alone, the permeability should be as large as possible. 
However, it is a matter of .experience, with magnetic 
materials now available, that high permeabilities are . 
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not associated with high degrees of constancy nor with 
the lowest power losses. Consequently, a compromise 
giving the best balance between the conflicting factors 
must be sought. This usually leads to permeabilities 
of lower value than can be advantageously employed 
in other types of electrical apparatus. Fig. 9 shows 
a typical permeability-induction characteristic for 
both powdered permalloy and for Grade B powdered 
iron. The significant differences in favor of the 
new material are (1) its much larger initial value, being 
over twice the value for the powdered iron (2) the wider 
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range of induction over which it is substantially con- 
stant, from 0 to 100 gausses as compared with 0 to 30 
gausses, (3) the smaller percentage change over a 
rather wide range of induction. For example, the 
maximum change from the initial value up to an in- 
duction of 4000 gausses is about 10 per cent as compared 
to 75 per cent for the powdered iron. The values 
exhibited by these curves are for typical samples. 
Differences of initial permeability between individual 
cores must be allowed for commercial manufacture. 
For the compressed powdered permalloy all cores have 
values between 69 to 81, allowing a maximum variation 
from the mean of about + 8 percent. Considering the 
varied nature of the processes through which the 
material for the cores, and finally the cores themselves, 
have to pass, in the course of which the permalloy is 
subjected to severe mechanical working and to large 
stresses (and the well-known sensitivity of permalloy 
in these respects), this tolerance is seen to be extremely 
close. In comparison, it may be noted that in other 
magnetic materials as ordinarily manufactured, varia- 
tions of + 30 per cent in permeability are very common. 
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In the manufacture of the coils their inductances are 
still further controlled by adjustment of the windings. 

Loading coils are designed so that over the normal 
range of telephone-current values the induction in the 
coil cores due to these currents does not exceed the 
initial nearly horizontal portion of the permeability- 
induction curve of Fig. 9. Currents of much larger 
value may, however, result from induction or accidental 
connection to sources of d-c. or low frequency power; 
and it is a requirement that these service hazards shall 
not seriously alter the coil inductance. In this respect 
the portion of the curve at inductions above 600 gausses 
is of interest. An effect of more importance, however, 
than that shown by this curve is indicated in Fig. 10, 
which shows typical changes in initial permeability 
due to the residual effect of previous large inductions, 
both positive and negative. It will be noted that the 
change has a maximum value in the vicinity of an 
induction of 2500 gausses. The changes are, however, 
markedly small, the maximum departure from the 
initial point being less than 0.5 per cent. Having once 
been heavily magnetized the material acquires a new 
mean permeability, about 0.2 per cent higher than it 
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had initially; and departures from this value do not 
normally exceed 0:3 per cent. | 

Besides remaining constant with respect to the 
normally transmitted current, as well as to the effects 
of larger accidental currents, the loading coil must 
remain quite uniform in inductance over a wide range 
of frequencies. Voice-frequency circuits, having the 
highest cut-off frequency used at present for commercial 
service, require efficient operation up to about 6000 
cyeles.'? Variations of inductance with frequency may 
result from the screening effect of eddy-currents in the 
core. Hysteresis losses, if large enough, will also cause 
the inductance (equivalent series ‘value) to vary with 
frequency. The losses in the powdered permalloy 
cores are so small, however, that variations from these 
sources can be entirely neglected over the above range 
of frequency. In fact it is not until frequencies of the 
order of 100 kilocycles are reached that these effects 
begin to be significant. 

Core Losses. In the application of the material to 
specific designs it is necessary to know the relation 
between the core losses, frequency, and value of the 
operating induction, or flux density. For the purpose 
of studying these relations the equation: 

W = nof B+ yof B (1) 
is a useful starting point. However, as the matter of 
final interest is the equivalent series resistance of the 
coil, it is convenient to reduce the above equation to 
the following form: 


Rt 
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(2)! 
The symbols in these equations have the following 

significance: 
W = power loss in ergs per sec. 

hysteresis coefficient. 

core volume in em.? 

frequency in cycles. 

= maximum flux density. 

eddy-current coefficient. 

equivalent series resistance due to core loss. 

= inductance of coil in henrys. 

permeability 

hysteresis exponent. 

The first terms of the right-hand members of the two 
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. equations give, respectively, the hysteresis loss and the 


equivalent series resistance caused by it, and the second, 
the eddy-current loss and its equivalent series resistance. 
Considering the latter it is evident that the effective 
resistance due to eddy-current losses is independent of 
the operating induction; that is, a coil of given in- 
ductance having a constant permeability core will have 
the same resistance due to eddy-current loss, regardless 
of whether it is made small or large. This, especially 
Loc. сй. 


11. For the derivation of this equation reference is made to 
Speed-Elmen, Loc. cit. 


434 


for the higher frequencies where the eddy-current losses 
may predominate, is a serious limitation to the design 
of high-efficiency coils. The factor 8 7 u y is a con- 
stant for the material that defines its quality from the 
eddy-current loss standpoint. To insure low eddy- 
current losses, it is necessary to make this factor 
relatively small. In the case of the powdered permalloy 
this 18 accomplished not only by reducing the eddy- 
current coefficient y by the use of insulated finely 
ground particles, but also by limiting the working 
permeability of the compressed core. Table I-A lists 


TABLE I 
MAGNETIC PROPERTIES OF COMPRESSED-POWDER CORES 
AT LOW INDUCTIONS 


A. Permeability and Eddy-Current Coefficient 
Permalloy Grade B iron 


Permeability—, (mean)....... 75 35 
Eddy-current coefficient—y..... 0.0021 x 10-9 0.0035 x 10-6 
Product—p у................. 0.16 X 10-4 0.123 X 10-9 


B. Hysteresis Loss 
Loss, ergs per cm.° per cycle 


Induction (В) Permalloy Iron (see note) 
[GAUSS "D 0.017 X 10-4 0.064 X 10-4 
2 MERLO 0.08 0.33 
5 B eL e eee ver ТУРУТ 0.64 3.5 
0 Mb EON SUUS FNAC CR wie III ns 3.7 23.8 

a5 наа ала EQ 10.7 75.5 
20 “© шей бея ае dad pede 23.5 172 
30 de КЕ re re ee 72 


Note: Hysteresis loss values for the powdered iron are about 8 per cent 
lower than those given by Speed and Elmen; this reduction being due to a 
small improvement made in the Grade B material subsequent to the 

publication of the Speed-Elmen paper. 


averages values of eddy-current coefficients and the 
product u y for the powdered permalloy and for 
grade B powdered iron. The coefficient for the per- 
malloy material is nearly 50 per cent less than that of 
the powdered iron, in consequence of which the product 
u y is only 38 per cent larger—even though the per- 
meability is more than doubled. 

Table I-B gives data showing the hysteresis loss 
in ergs per cu. em., per cycle, for a typical range of 
flux densities. These data are plotted in Fig. 11. On 
account of the large ratios represented, logarithmic 
scales are used so as to open up the plot at the lower 
values. The curves show a slight departure from 
linearity, indicating that the hysteresis exponent X 
is not a constant even for the small inductions repre- 
sented. The curves for the two materials are, however, 
nearly parallel showing them to have at each point 
about the same exponent. The outstanding difference 
is the large displacement between them. For a given 
hysteresis loss powdered permalloy is capable of opera- 
tion at much higher densities. 

. The factor n B* of the hysteresis term of the loss 
equation evidently is the loss per cubic centimeter, 
per cycle. Hence, dividing the latter by B? there is 
obtained the variable part of the corresponding term 
of the equivalent resistance equation, that is 7 B*-?. 
Such values multiplied by the mean permeability are 
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plotted in Fig. 12. The ordinates of these curves 
multiplied by the factor 8 m f give the hysteresis loss 
resistance in ohms per henry for the frequency and flux 
density desired. Here the outstanding superiority of 
the powdered permalloy is more clearly evident, the 
ratio of resistances due to hysteresis losses mounting 
very rapidly with increasing density. | 
These curves show at a glance the density at which 
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hysteresis loss resistances are equal. Of course, it is 
often more important to have the total core loss resis- 
tances equal at a particular frequency. Since the eddy- 
current resistances are, as previously mentioned, con- 
stant with respect to flux density, it follows that their 
difference is also constant. Hence, a curve drawn 
parallel to, and displaced from, the hysteresis loss curve 
along the loss axis to an amount proportional to this 
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difference gives the densities at which total core-loss 
resistances are equal. Such a curve is included in 
Fig. 12 for a frequency of 3000 cycles, this being slightly 
above the maximum frequency which certain powdered- 
iron core loading coils were designed to transmit 
efficiently.'? 

It is interesting to note here the reduction in core 
volume that can be effected by the substitution of the 
powdered permalloy for the previously standard 
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powdered iron, equal or higher efficiency as to core 
loss resistance being obtained. Assume a toroidal 
core of uniform cross-sectional area A and of mean 
circumference /, wound with N turns of wire. 


da N* A, 1011, 
Since L = ag N? = ro en approx. (3) 
4тМІџ 
= — 101 (4) 
Combini d (4) B* = STE 
ombining (3) and (4) = IOLA 
Wr AruLI Ки 
Substituting V for l A, B? = 10v V 


12. See Table X, Shaw-Fondiller, Loc. cit. 
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du 
V= рә 


That is, for a given inductance, core volume is pro- 
portional to permeability and inversely proportional to 
the flux density squared. 

A largely used toll cable circuit loading coil of the 
compressed powdered iron core type operates at an 
average flux density of 5.6 and the cut-off frequency of 
the circuit is about 3000 cycles. From Fig. 12, the 
flux density for a permalloy-core coil to have the same 
core loss resistance at this frequency would be 19; 
hence the о volume of the latter would be 
15 (22 5.6 
35 ХХ 19 
about 1 to 5. On the other hand, the lower hysteresis 
loss characteristics of the permalloy material may, with- 


And 


= 0.187 times that of the former, a ratio of 
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out increase in cost, be utilized to give coils of higher 
quality not only in respect to effective resistance, 
but also in respect to their tendency to produce 
“flutter”! when used in circuits having joint telephone 
and telegraph service, and to introduce inter-chan- 
nel modulation in multi-frequency carrier telegraph 
systems. For the initial application of this material 
to commercial use, an intermediate course is being 
followed; that is, coils both lower in cost and better 
in quality in all of these respects have been developed. 
For the two main types of facility required, core volumes 
have been decreased by 70 per cent in one case and by 
85 per cent in the other. Fig. 18 illustrates the larger 
of these reductions in core and coil sizes. Combined 
with these reductions in size, and consequent savings in 
eost, there are appreciable improvements in effective 
resistance and also, as noted below, in flutter and 
modulation. | 

Modulation Effects. 


13. Hysteresis Effects with Varying Superposed Magnetizing 
Forces, W. Fondiller and W. Н. Martin, Trans. A. I. E. E., Vol. 
40, 1921, p. 443. 


Under this heading are included 
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the effects mentioned above as telegraph flutter and 
also what is more commonly recognized as a modulation 
effect, namely the production of harmonic electro- 
motive forces by a varying flux of fundamental fre- 
quency. As these effects are closely associated with 
hysteresis characteristics it would be expected, from the 
general data previously given, that the permalloy 
material would be decidedly superior to the powdered- 
iron material. In view of the dependence of hysteresis 
loss on the working flux density, as shown by Fig. 11, 
it is clear that the specific results obtained can be con- 
trolled by design. For a more definite comparison 
therefore Fig. 14 is shown, giving the relation between 
the line current of fundamental frequency and the 
induced, third harmonic voltage for two standard de- 
signs of loading coils, one having a powdered-iron and 
the other a powdered-permalloy core. A reduction of 
from 30 to 40 per cent in the third harmonic product is 
obtained by the use of the permalloy core even though 
it has only 30 per cent of the volume of the iron core 
and is operated at about 3 times the flux density. Fig. 
15 shows the relation between telegraph current and 
peak values of inductance and effective resistance 
increments occurring in the speech-frequency circuit 
in each cycle of the telegraph current for the same coils. 
Again marked improvement is effected through the use 
of the permalloy material. 


SUMMARY 


An improved, magnetic material eminently suited 
for use at audio frequencies, for example, in the cores of 
loading coils, has been described. Its permeability 
at low inductions is of sufficiently high value to permit 
the design of small coils with relatively low-resistance 
windings, and is constant to a marked degree under all 
conditions of service. Its eddy-current and hysteresis 
losses are much smaller than those of any other magnetic 
material of comparable constancy of permeability. 
These characteristics have made possible the develop- 
ment of new loading coils for exchange area and toll 
cable loading of about 1/5 and 1/8 the size respectively 
of former coils, not only with no sacrifice as to quality 
but, actually, with very appreciable improvements 
in transmission efficiency, inductance stability, and 
modulation. 

Despite the high cost of nickel as compared with 
iron and the relatively large proportion of it used in the 
permalloy, the reduction in coil sizes results in large 
savings in manufacturing and installation costs. It 
would not be possible, of course, to effect these savings 
were it not for the fact that the net cost of manufactur- 
ing the cores is sufficiently low. A method that 
accomplishes this result has been described. In the 
development of this method difficult technical problems 
involved in powdering the permalloy, and in insulating 
the powder, so that subsequent high-pressure forming 
and high-temperature heat-treating operations could 
be applied have been solved. The processes are 
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adaptable to economical, large-scale production and at 
the same time can be controlled so as to insure a highly 
uniform product meeting the stringent requirements for 
a loading-coil core material imposed by recent long- 
distance telephone circuit developments. 


Discussion 


F. B. Jewett: The commercial use of permalloy-dust-core 
loading coils as successors to iron-dust loading coils, which in 
turn were improvements over and successors to the earlier types 
of iron-wire-core coils, has brought about a number of very 
important improvements which have not been particularly 
stressed in the paper, which is primarily concerned with a 
description of the manufacturing features and physical character- 
istics of the new core material. I should like to draw attention 
to two of these important service features, one of which affects 
the local distributing plant in our larger cities, and the other 
our very long loaded cables such as those connecting New York, 
Chicago, and St. Louis. 

In the local distributing plant, one of the principal advantages 
of permalloy-dust loading coils is in their very small size, which 
permits much smaller cases to be used for potting a given number 


. of coils and allows a much larger number of coils to be potted in 


the largest cases, thus resulting in a great conservation of space 
in the underground loading vaults. It is a formidable job to 
tear up city streets and to put in new structures. A large part 
of the underground construction in a city like New York is more 
or less permanently placed. There is a duct system, which was 
placed in past years, to amplify which would require the opening 
of the streets and the laying of new ducts. 


Since loaded cables are used in our cities, there are, in addi- 
tion to the ducts, man-holes, called loading vaults, designed to 
house the pots containing the loading coils. In many places, a 
few years ago, we were potentially confronted with an early 
necessity for materially enlarging these housings, either by the 
building of more and still larger vaults under the city streets or 
by going off the city streets onto private property. With the 
coming of the permalloy coil and its small dimensions, and the 
smaller potting space required per coil, we find it possible to 
place a considerably greater quantity of coils in the existing 
structures, and so not only obviate the cost of making changes 
but also the great inconvenience to street traffic. In the large 
metropolitan areas, therefore, with their great congestion of 
circuits, running up to tens of thousands or more along the main 
routes, we have an advantage which is even more important than 
the cost saving of the coils themselves. 


The other feature which concerns long-distance service is 
interesting because it is part of a progressive change in the type 
of line which we use. 


In the early days, the telephone plant was on the single-wire, 
ground-return basis. That had to be abandoned in favor of the 
all-metallic or two-wire circuit, partly for telephone reasons and 
partly because of inductive interference troubles which followed 
the great growth of power and light circuits. For many years 
our whole telephone engineering was based on the assumption 
of a two-wire form of communication line. With the coming of 
amplifying devices, the so-called telephone repeaters, and the 
extension of these long circuits to very great distances, there was 
introduced a form of line known as the four-wire circuit. We 
had gone from one to two wires, for a circuit, and we were 
proposing to go from two to four, in which one pair of wires served 
to carry, say, the west-bound conversation, and the other pair 
the east-bound conversation. 


It is not the time and place here to go into the technical dis- 
cussion of why that was the desirable thing to do, beyond the 
statement that it resulted in a more flexible and more efficient 
plant to separate the ordinary two-wire local circuit at one end 
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into a four-wire toll circuit, and at the distant end to recombine 
it again into a two-wire circuit. This made possible the use in 
each of the four-wire circuits of one-way repeaters having a very 
high amplification. With the four-wire circuit, roughly speak- 
ing, the same amount of copper for a given distance is involved 
in a telephone cable as with the two-wire circuit. For instance, 
over a given distance with a two-wire circuit we use 16-gage 
copper, while on the four-wire circuit we use 19-gage copper 
wire—exactly the same amount but drawn into four instead of 
two wires. Since, with cable, the cost is largely made up of 
material values, the copper and paper and the lead encasing 
sheath, the inherent cost of the four-wire against the two-wire 
circuit is nearly the same, but when you begin to add loading 
coils on these very long circuits you are adding something to the 
material eost of the cable itself, which is not an inconsiderable 
part of the total cost. So with the higher priced loading coils, 
despite the other advantages of the four-wire circuit, there was a 
tendency to restrict its use to conserve cost, because of the load- 
ing coils themselves. But with the introduction of the per- 
malloy-dust-core coils, which are not only much smaller but 
considerably cheaper, there is introduced a factor which makes it 
possible for us on long telephone cable circuits to go further in 
using the four-wire type of structure. 

Bancroft Gherardi: In round figures, today, we have in our 
plant 3,000,000 loading coils. That is to say, for every 6 tele- 
phone instruments connected with the Bell System, there is one 
loading coil, and we are adding to that number at the rate of 
about 700,000 a year, the same rate with which we are adding 
telephone stations connected with the system. So it is evident 
that the loading coil, not only in the results which it produces 
but in the numbers used, is a factor of major importance in our 
plant. 

B. A. Behrend: It will be interesting to recall the first 
suggestion of the use of powdered iron for increasing the induc- 
tance of a telephone or telegraph circuit without materially 
increasing the resistance. In his “‘Electrical Papers," vol. II, p. 
123, 1902, Oliver Heaviside makes this statement: ‘‘One way is 
with my non-conducting iron ..... an insulator impregnated 
with plenty of iron dust." Further references occur on p. 275 
in the same work where Heaviside states that he “rolls the 
resulting compound, when in a slightly yielding state, under 
considerable pressure, into the form of solid round cylinders." 
In 'Eleetromagne'ie Theory" vol. I, p. 443, he suggests again 
“loading the dielectric itself with finely-divided iron" and he 
ealls this his ''ironie" circuit. This reference oceurs within a 
page of the famous suggestion of using ''induetanee in isolated 
lumps" for loading cables or circuits though there appears no 
suggestion that the cores of these loading coils should be made 
of this powdered iron. With the increasing appreciation of the 
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theoretical work of Heaviside’s this historical reference may be 
of interest. 

Wm. Fondiller: There are one or two points that are men- 
tioned in the paper that I want to emphasize, beeause I think 
that they are rather important. 

First is the matter of the higher permeability of the powdered- 
permalloy eores as eompared with the powdered-iron eores. 
You ean get high permeability, by suitable heat treatment of any 
magnetie material, but unless at the same time you ean keep 


» down the losses in the ease of loading coils that increase in 


permeability is of no avail. The fact that it has been possible 
with powdered permalloy to more than double the permeability 
that was available with powdered iron, marks a really important 
accomplishment, partieularly when it is coupled with extremely 
high magnetie stability. 'The magnetie stability is evideneed 
by the fact that up to an induction of B = 100, the permeability 
is almost absolutely constant, a performance not attained with 
any other magnetic material. It is particularly striking in view 
of the seemingly anomalous fact that in sheet permalloy you get 
enormous changes in reduction with small changes in value of H. 
The flat characteristic of the powdered-permalloy cores is due to 
the beneficent effect of numerous air gaps introduced by the 
core design. 

It is also significant that with a core with 80 per cent nickel in 
it, a material which costs over ten times that of iron, in ingot 
form, it has been possible to produce loading coils having bettér 
properties at a lower cost, by virtue of a great reduction in the 
amount of core material and copper windings. 

I want to mention one other thing of interest. The powdered 
permalloy core has practically the composition, that is, between 
80 and 81 per cent nickel, that was pointed out by Dr. MeKeehan 
to be the alloy which would have zero magneto striction. To 
this fact Dr. MeKeehan attributed the extremely low hysteresis 
loss of permalloy. 

Eugene Herzog: Can this same type of material be extended 
to uses in other electrical apparatus? І see from Fig. 9 that the 
permeability of this material has an induction of about 2000 and 
from there drops off very rapidly, and as in most power apparatus 
a much higher induction is used, I should like to ask the authors 
whether they have made any attempt to develop a material 
which could be used successfully at a higher induction. 

W. J. Shackelton: In response to the last question, I will 
say that we have not made any particular attempt as yet to apply 
this material to other fields than the telephone field. The fact 
that its permeability over a wide range of induction is low as 
compared to the values ordinarily used in power apparatus would 
lead me to believe that its chance for application in this field 
would be rather small. Where its permeability is not a limita- 
tion, however, it can be used even at fairly high inductions. 


The Effect of Humidity on the Dry Flashover 
Potential of Pin-Type Insulators 


BY J. T. LITTLETON, JR.* 
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Synopsis.—This paper shows that humidity affects considerably 
the flashover voltages of porcelain and Pyrex insulators. The 
flashover potential rises as the humidity is increased. The tests 


INTRODUCTION 


T is probably generally recognized that the humidity 
or water content of the atmosphere has some effect 
on the flashover potential of insulators. The 

A. I. E. E. specifications for testing insulators! state 
that relative humidity measurements should be taken 
at the time of the test and recorded as part of the data. 
No correction factor for this condition has been worked 
out, however, and little seems to be known as to the 
quantitative effect of humidity changes. It seems to 
be a general belief that an increase in humidity leads 
to a decrease in flashover. Peek? has stated that 
humidity does not affect the flashover potential of 
sphere-gaps. Schwaiger? has given data on porcelain 
and glass rods in uniform tangential fields, showing a 
lowering of flashover potential with increase of 
humidity, and curves showing an increase in flashover 
potential on large insulators and constant flashover 


potential on small insulators with increase of humidity. ` 


Accordingly, it seemed worth while to determine the 
quantitative relationship between humidity and flash- 
over potential on different types of insulators and 
insulators made of different materials, and, if possible, 
to work out a correction for this condition. 

While the work on this problem has not been com- 
pleted, inasmuch as no correction factor has been 
completed, it is believed that the measurements 
obtained are of sufficient value and interest to justify 
their presentation. 


EXPERIMENTS 


The electrical equipment consisted of a 150-kv-a., 
center-grounded, 60-cycle transformer with maximum 
voltage of 300 kv.. controlled by an induction regulator. 
Flashover voltages were measured in either of two 
ways; (1) by a voltmeter previously calibrated with a 
sphere-gap, or (2), directly by the sphere-gap in parallel 
with the insulator with suitable high resistances on 
each side of the gap to prevent errors due to oscilla- 
tions from the insulator under test. | 

The insulators were mounted and the tests conducted 
as nearly as possible according to the A. I. E. E. speci- 
fications for testing insulators.‘ The tests were made 
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were made on pin-type insulators and on rods. The results show 
that this rising characleristic is a surface effect which varies with the 
absolute water content of the surrounding atmosphere. 


in a wooden box 6 ft. square and 5 ft. high with a 
hinged cover, all lined with waterproof paper. These 
dimensions gave less than the standard clearance for 
the insulator mounting so that in this respect the tests 
were not made according to the standard specifications. 
This condition did not noticeably affect the results, as 
measurements made in the box agreed with those taken 
in the room for comparison. The iron pipe holding the 
insulator pin ran diagonally through the box and pro- 
jected through the walls so that the one lead was 
connected to it on the outside. The other lead. to the 
half-inch brass rod tied in the line groove was insulated 


2—PorcELAIN INSULATORS TESTED 


from the chamber wall by a large bell shaped pyrex 
insulator. 

The humidity in the tegi chamber was controlled by 
the introduction of dry steam circulated throughout the 
box by a fan. Because of small leaks it was found 
necessary to introduce steam continuously in order to 
maintain a given humidity. Humidity measurements 
were made by means of a dry and wet bulb hygrometer 
suspended in the current of air from the fan, just inside 
a window through which the readings were taken. 
These results were converted to absolute humidity by 
means of the data given in the Psychrometric and 
Smithsonian tables.’ 

The experimental procedure was as follows; the 
insulator was mounted on the pin in the test chamber 
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and a standard dry flashover test made with the natural 
humidity of the atmosphere. Steam was then intro- 
duced in the chamber and the humidity thereby in- 
creased and maintained at a constant value for 15 min. 
A second flashover test was then made and the cycle 


repeated. If it were desired to decrease the humidity 
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after it had reached a point near saturation the cover of 
the box was raised and fresh air admitted. So far as 
possible, a given series of tests was made at a constant 
temperature, but on account of the steam used in the 
test, the temperature slowly increased, in an extreme 
case changing by as much as 4.5 deg. cent. However, 
temperature and pressure as well as relative humidity 
were recorded for each test and a correction applied to 
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reduce the values to those for 25 deg. cent. and 760- 
mm. pressure.* 

Measurements were made upon different types of 
Pyrex pin-type insulators (see Fig. 1) and upon porce- 
lain pin-type insulators, (Fig. 2), varying from 16- to 
44-kv. rating. Tests were also made on the effect of 
humidity on the flashover potentials between No. 6 
eopper wire electrodes wrapped around Pyrex rods of 
various diameters, and at various spacings. In addi- 
tion, in order to determine whether or not the phenome- 
non was merely due to the humidity effect on the 
electrodes, measurements were made on the flashover 
potentials between a one-inch steel bar bent in the 
shape of a hook, and a loop of No. 8 copper wire, as well 
ds between two loops of No. 6 copper wire. 


RESULTS g 
Figs. 3 and 4 show the results of a series of tests on 
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the different Pyrex insulators and porcelain insulators, 
respectively. In every case there was a marked in- 
crease in the flashover potential when the humidity was 
increased. These curves do not show the maximum 
variations that have been observed, as considerably 
greater variations are possible when the experiments 
are made at a higher temperature, the maximum possi- 
ble water vapor content in that case being much greater. 
In general it was found possible to increase the flashover 
potential of both Pyrex insulators and porcelain insu- 
lators about 30 per cent over the value at a low 
humidity. 

The results of some of the experiments on Pyrex 
rods are shown graphically in Fig. 5 and again, increased 
humidity caused increased flashover potential. The 
results shown were obtained with a rod 0.9 in. in diam- 
eter and with the spacings between the electrodes as 
indicated on the graphs. 

Fig. 6 shows the results of the measurements on the 
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flashover potentials between the loop of No. 8 copper 
wire and the one-inch steel rod bent in the form of a 
hook and between the two loops of No. 6 wire. In the 
first case, they were spaced so as to give a flashover 
potential about the same as that of a 44-kv. insulator; 
and in the case of the loops of No. 6 wire, the spacing 
was the same as when they were wrapped around a 


pyrex rod. From the slopes of these curves, it is quite | 


evident that the humidity effect on the flashover poten- 
tial of an insulator and of a Pyrex rod cannot be 
attributed to any effect on the electrodes. 


DISCUSSION AND CONCLUSIONS 


As mentioned above, the curves show humidity values 
expressed in absolute units, since such units bring the 
measurements taken under different temperature and 
pressure conditions more nearly in agreement with 
each other than do those of relative humidity. 
Schwaiger’ shows data plotted on a relative humidity 
basis which also come out as a straight line relation if 
temperature and pressure are kept constant, but in 
order to correlate data made at different temperatures, 
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or to work out a correction factor, it is necessary to use 
absolute humidities. In addition he shows that in the 
neighborhood of 100 per cent relative humidity the 
flashover potential falls very rapidly, this effect begin- 
ning at even 80 per cent humidity on certain insulators. 


This decrease in flashover potential was noted in our 


experiments at humidities above 90 per cent, but it is 
believed that this was due to condensation on theinsulator 
surface, which could be avoided by having the insulator 
at the proper temperature. Schwaiger’s results indi- 
cate no humidity effect on flashover potential with an 
insulator of approximately the same dry flashover 
potential as the Pyrex insulator No. 161 and the 16-kv. 
porcelain insulator. Our observations made on the 
latter insulators indicate a very definite effect and one 
which isalso of considerable magnitude. Weicher?investi- 
gated the effect of humidity on the flashover potential 
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between points and 2-cm. spheres so spaced as to give a 
flashover potential approximately the same as indicated 
in Fig. 6, and found that the flashover potential increased 
with increasing relative humidity. 'This does not 
agree with our observations on the flashover potentials 
between the two loops of copper wire and between the 
copper wire and the pin in which no humidity effect was 
observed. 

The question as to whether the curves shown in 
Figs. 3 and 4, which were obtained under more or less 
artificial conditions, actually represent the phenomena 
when observed under standard conditions, is perhaps 
best answered by a reference to the point A on the 
curve in Fig. 3 for the 40-kv. Pyrex insulator. This 
point was obtained from the average dry flashover 
values of five 40-kv. insulators of the same type as used 
in this test. The tests on the five insulators were made 
in the standard way outside the test box under low, 
absolute humidity conditions some months previous to 
the time when the other results shown were obtained. 
When correction is made for temperature and pressure, 
however, this value shows good agreement with the 
other results obtained in the special test box. As a 
further proof of this, the points marked P on the curves 
represent measurements taken under natural humidity 
conditions at Purdue University Electrical Engineering 
Laboratory. 

It is not proposed to advance at this time any theoret- 
ical explanation of the results obtained, as the data at 
hand are not sufficient to warrant the development of 
any very definite theory. The results given on the 
accompanying graphs show that the effect is a surface 
one which varies with the absolute water content of 
the surrounding atmosphere. Since this is true, it 
is not surprising that the results are similar for both 
Pyrex insulators and porcelain insulators, asin both cases 
the surface is of glass. It is perhaps worthy of note 
that the slopes for porcelain insulators are slightly 
steeper than those for Pyrex insulators having approxi- 
mately the same flashover potential. This may be 
accounted for by the high chemical resistivity surface 
of Pyrex insulators. 

Regardless of the cause of the phenomenon, 
experiments have shown that humidity has a marked 
effect on the dry flashover potentials of pin-type insu- 
lators. It is further apparent that the large change 
occasioned by humidity has a direct effect on the rating 
of an insulator. Extrapolation from the curve. to- 
gether with temperature and pressure corrections, 
shows that a No. 441 Pyrex insulator at 760-mm. pres- 
sure and 35 deg. cent. temperature would flash over at 
128 kv. with a 10 per cent relative humidity and at 198 
kv. with a 90 per cent relative humidity. 

Moreover, the apparent straight line relation be- 
tween flashover potential and absolute humidity makes 
it possible to adopt a correction factor for the humidity 
effect on a given insulator, and to catalogue the dry 
flashover potential at a standard humidity as well as at 
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a standard temperature and pressure. Until a satis- 
factory theoretical correction factor or formula has been 
‘determined so that humidity corrections can thereby 
be made it is believed that curves such as those given 
should be used as a measure of the standard dry flash- 
over value of an insulator rather than a measurement 
at one known humidity. 
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Discussion 


W. L. Lloyd, Jr.: (by letter) It has long been recognized 
that humidity has an effect upon the sparkover voltage of 
certain gaps and insulating members. The effect varies with the 
type of gap or the type of insulator or bushing. The effect of 
humidity on the needle-gap was shown in a paper before the 
A. I. E. E. by F. W. Peek, Jr.! The spark-over voltage increases 
with the humidity. The sphere-gap on the other hand is ap- 
parently not affected by humidity; at least in the papers referred 
to above, tests indieated that the effect, if any, is within the 
ordinary limits of accuracy for the sphere-gap so that no con- 
neetion is possible. | 

For an insulator or bushing of the usual design an inerease in 
humidity eauses an increase in sparkover voltage. The effect, 
however, is ordinarily not of sufficient magnitude to be a faetor 
in the insulation of a line or the number of flashovers on the line. 
The variations due to humidity are small compared with the 
differenee between the flashover voltage and the operating 
voltage. Moreover, where the laboratory tests are made in a 
room that is not too damp, the variation from the laboratory 
test results will be in the direction of safety, 7. e., towards a 
higher sparkover voltage. In tests, to meet specifications, 
however, where the guaranteed sparkover is close to the actual 
sparkover of the insulator or bushing a few kv. may be a matter 
of acceptance or rejection of the product The effect of humidity 
then becomes of importance and it is necessary to know the 
humidity correction to be made. 

I agree with the statement made on the third page of the 
paper in that the correction curves are similar ‘‘for both Pyrex 
insulators and porcelain insulators as the surface is a glass in 
both eases," but I am perplexed at the next two sentences. 
I have plotted the data given in Fig. 3 for porcelain on top of the 
data given in Fig. 2 for Pyrex and I cannot notice any difference 
in the average slope of these curves. If any difference in the 
slopes were to be found I would attribute the difference to a 
difference in the design of the insulators rather than to a differ- 
ence in the materials or the chemical properties of the materials 


1. See also Е. W. Peek, Jr., Dielectric Phenomena in High Voltage 
Engineering, pp. 87-88, Fig. 93. 
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since it is a fact, and a fact admitted by the authors, that the 
surface in both cases is a glass. 

E. D. Eby: This subject of the effect of humidity upon 
the are-over potential of insulators, and bushings, and gaps, is 
one of great importance to us from the standpoint of testing, 
because the variations encountered are such as to require a 
correction factor. And it seems strange that up to this time no 
serious attempt, apparently, has been made to collect sufficient 
data from which could be derived a correction factor which could 
be used for different classes of insulators. We need such correc- 
tion factor to harmonize the results of our tests, and also to 
provide a basis for the rating of insulators and bushings. As 
the authors have pointed out, the great variation in the are-over 
potential is something which immediately affects the rating of 
the insulator. 

It isn’t so important that this matter should be investi- 
gated from the standpoint of operation of the insulators, because 
the 60-eyele tests over the range of humidities which have been 
observed, do not seem to fall below the wet flashover of the 
insulator; that is, these so-called dry tests at different humidities 
are always above the wet-flashover value. Since the wet- 
flashover value is determined according to the rating of the 
insulator, the variation in dry-flashover voltage due to humidity 
would not affect the choice of the insulator when that choice is 
made by the wet-flashover value. 

On the other hand, humidity does not affect the operation 
of the insulator from the standpoint of impulse potential because 
the impulse flashover is essentially the same whether the insula- 
tor is dry or wet; at least that is true generally, not only of so- 
ealled insulators but of apparatus bushings as well. 


lee ЕО ТИЕ 0 
mNEMESNEWENEEM 
© AREL. HUMIDITY | й 
Fic. 1—VariaTION or Dry FrLasHovER VoLtTaGr or-Hicn 
Vo.ttace Воѕніма with CHANGES IN RELATIVE HUMIDITY 


We have long been aware that different gaps were affected 
differently by relative humidity in the atmosphere, and probably 
each different design of insulator, bushing, or gap has a character- 
istic of its own; but also those designs which are similar in nature 
probably could have assigned to them a correction factor which 
would be approximately correct for the group. And so it 
would be a practical thing to classify insulators and bushings 
and gaps, and assign to each class some correction factor which 
would be approximate for the group but nevertheless practical. 

Our observations in the past of the great variations in the 
flashover voltages of apparatus bushings, led us about two 
years ago to make some tests on apparatus bushings to discover 
what the effect of humidity might be. We built a box, similar 
to that of the authors, in which we were able to control the 
humidity. We did not, however, convert our results into 
absolute humidity but interpreted them in terms of relative 
humidity. We varied the relative humidity approximately 
from 40 to 100 per cent, and with a given design of bushing we 
found that in that range of relative humidity its flashover poten- 
tial varied from 180 kv. at 40 per cent to 225 kv. maximum. 
We noticed that the maximum, in this series of tests, occurred 
between 90 and 95 per cent relative humidity. 

Fig. 1 herewith shows the shape of that curve, which is some- 
what more complete than that given by the authors in their 
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paper. These tests were made on a number of different units, 
and were later confirmed by a large amount of data collected over 
the succeeding two years on specimen units which have been 
tested almost every day. This has been done not only at 
Pittsfield, but also at our Philadelphia works, and the two sets 
of data are remarkably in agreement. In fact they vary but 
little from each other. 

We found over this period of time that the range of relative 
humidities encountered in our testing departments at these 
two plants varied from about 30 per cent to 70 per cent, corre- 
sponding to the left-hand portion of the curve in Fig. 1, which is 
not quite a straight line, but without the rest of the curve might 
easily have been thought to be a straight line. We found also 
in this range of humidities that the variation of voltage was 
about -- 9 per cent from the average, taking the average at 50 
per cent humidity, which was the average of the humidities 
encountered. 


Fie. 2—SEASONAL VARIATION OF RELATIVE HUMIDITY AND 
FLASHOVER VOLTAGE OF Hi@H-VoLTAGE BUSHINGS 


We found also a very interesting seasonal change in flashover 
voltage of these specimen units, following almost identically the 
shape of the curve of the change of humidity with the seasons. 
Fig. 2 herewith is such a curve, representing both humidity and 
flashover voltage of units. We observed that both the humidity 
and flashover were maximum in August, or approximately that 
season, from July to September. The minimum humidities, and 
likewise the minimum are-overs, were encountered in the month 
of January, or the December to February period. 

F. M. Clark: Concerning the effect of humidity on the arc- 
over values for pin-ty pe insulators, the work which we have done 
in Pittsfield appears to be in agreement with the results de- 
seribed by the authors; that is, as the humidity inereases—we 
speak of it in terms of relative humidity—we get an increase in 
arc-over value. In the case which I have at hand this increase 
amounts to about 20 per cent, a maximum arc-over value being 
obtained with about 90 per cent relative humidity. 

I should like to offer a possible explanation of the phenomena 
involved. This the authors have avoided. In La Verre for 
1924, page 54, P. Woog described experiments which he had 
carried out having for their purpose the detection of changes 
which oceur under certain definite conditions in the surface of 
glass. Woog set up an apparatus which might be roughly 
described as a spherical electrode mounted inside of a cylindrical 
glass vessel which, in turn, was placed on a metallic conductor. 
The cylindrical glass vessel was filled with oil. When the voltage 
was slowly increased a discharge was finally obtained from the 
spherical electrode through the oil to the surface of the cylindrical 
glass vessel and over this surface to the outside plate electrode. - 

Working at 25 cycles, with dry oil, Woog found that as the 
temperature passed from 11 deg. cent. to 100 deg. cent. the volt- 
age to discharge dropped from 67 to 54 kv. There is nothing in 
the way of experimental error to explain the result. 

Using wet oil Woog found that as the temperature was changed 
from 18 to 12 deg. cent. the аге-оуег voltage dropped from 65 to 
27 kv. approximately. As the temperature was brought baek 
from 12 to 18 and 20 deg. cent. the arc-over voltage again in- 
ereased to about its original value. In other words, speaking 
entirely of wet oil, as the temperature increased the arc-over 
voltage rose. 

The author's explanation was somewhat as follows: On the 
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surface of the glass were silieates whieh were hydrolyzed to 
give bases with the final formation of a film of sodium earbonate. 
This material can exist with water of hydration. As the humid- 
ity increases this hydration increases until a maximum value 
is obtained where the ratio between carbonate to water molecules 
is 1 to 10. What happened, therefore, in Woog’s experiments, 
according to his own explanation, was that the voltage to flash- 
over varied as the author increased or decreased the amount of 
water in the sodium-earbonate film on the glass. The important 
thing is that he found that with 10 molecules of water, we will 
say, in the sodium carbonate, the are-over value dropped as 
compared to what it was with the sodium carbonate in the dry 
state. The effect of temperature tends to increase the arc-over 
value of moist oil because the decahydrate of sodium carbonate 
which is formed at low temperature possesses a greater vapor 
pressure than that characteristic of moist oil with the result that 
sodium carbonate in a lower stage of hydration is formed. 

The present authors have found, as illustrated in Fig. 5, that 
as the humidity rises the аге-оуег characteristics also increase. 
As I have stated, this result is in agreement with the work in our 
laboratory but it is in direct contradiction to the idea that Mr. 
Woog has expressed. As Mr. Peek has already demonstrated, 
and as illustrated in Fig. 6, the dielectric strength of air is not 
involved. The authors have therefore concluded that the 
increase in are-over value with humidity is a surface effect. 
This they have demonstrated by taking a glass rod and wrapping 
electrode wires around it, taking the arc-over values between 
earefully spaced wires. We have often made creepage tests in 
our work at Pittsfield on all sorts of materials and we find that 
if we place electrodes as noted by the authors we get an arc-over 
which is not strictly accounted for by the surface condition of the 
insulation. Rather we get a result which depends upon the ratio 
distribution of stress between the insulating surface and the 
medium in which it is immersed. We have found that we must 
use some method of holding the voltage stress down into the 
surface which we are testing. I would suggest to the authors 
that they accomplish this effect by taking a glass rod, drilling out 
one end, and filling the well so formed with mercury. They 
should then wrap a wire around the glass rod directly over the 
bottom of the mereury well and spaced a definite distanee away 
from a similar wire electrode wrapped about the glass away 
from the mercury well. The mercury well and its superimposed 
wire electrode are connected electrically and the arc-over value 
is taken in the usual manner. With this method the authors may 
find that they will obtain an are-over value which is in agreement 
with the carefully obtained research results described by Woog. 

С. F. Harding: In view of the fact that the authors of this 
paper have quoted some of the test values that are closely 
associated with the curves shown in the paper, these tests having 
been made in the high-voltage testing laboratory at Purdue 
University, it may be of interest to have these confirmed in 
slightly greater detail. 

These tests were made upon a wide variety of sizes, not only 
of Pyrex insulators but also of several makes of porcelain insu- 
lators of the pin type, covering the same voltage range. 


RESULTS OF SIXTY-CYCLE DRY-FLASHOVER TESTS ON 
PIN-TYPE INSULATORS WITH VARYING HUMIDITY 
PYREX GLASS INSULATORS 


(Average of three readings upon each of three insulators of six different 


sizes) 
Increase 
Humid- | Flashover Flashover| Increase | flashover 
Insulator ity voltage |Humidity| voltage | humidity | voltage 
No. per cent kv. per cent kv. per cent | per cent 
1 48 140.0 59 161.1 23 15 
2 40 137.0 60 152.0 50 11 
3 43 95.4 61 101.0 42 6.3 
4 40 65.2 59 66.8 48 2.4 
5 40 50.0 59 51.5 48 3.0 
6 40 51.3 59 51.8 48 1.0 
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PORCELAIN INSULATORS 
(Average of three readings upon each of three insulators of ten different 
sizes of two different manufacturers) 


7 46 152 62 165.3 34.8 8.8 
8 46 127 61.6 145 34 14.2 
9 48.3 119 61 133 27 11.7 
10 43 105.5 60 125 39.5 19.4 
11 43 105 60 127 39.5 21 

12 43.3 91.2 63 93.1 45.5 2.1 
13 42 69 59 70.3 40.5 1.9 
14 43 68.7 58 70.0 35.0 1.9 
15 40 63.6 59 65.4 47.5 2.8 
16 40 48.7 59 49.6 47.5 1.9 


In general, the average of 3 readings under A. I. E. E. 60-cycle 
standard testing eonditions, on three samples of large types of 
insulators would increase about 15 per cent in flashover, with 
approximately 23 per cent increase in humidity, that is, from the 
neighborhood of 40 or 45 per cent to 60 or 65 per cent humidity. 
This was also true within a smaller range with a similar voltage 
gradient for the porcelain insulators. With the lower voltage 
insulators, the per cent increase, of course, was naturally less. 

In addition to what has been said about standard or uniform 
specifications, it would seem desirable to have these A. I. E. E. 
specifications include the humidity correction, or some humidity 
measurement plus a correction. If we are to depend at all upon 
the dry flashover test at 60 cycles, and the Institute has standard- 
ized such a test, and if in normal laboratory testing such humidity 
variations exist, we certainly should have a humidity correction. 

Similar tests with steep wave fronts are now being made, in 
which it is probable that such variations will not exist because, as 
has been pointed out in the paper and in the discussion, the 
change in humidity does not affect the sphere-gap and the steep- 
wave-front measurements in air. So we have the condition that 
we are testing insulators at 60 cycles, referring our dry-flashover 
voltages to a sphere-gap which does not change with humidity 
changes, and yet, from one laboratory to another, unless we do 
hold humidity constant, we have a 14 to 15 per cent variation in 
the dry-flashover voltage of such insulators. 


D. H. Rowland: (by letter) No pains should be spared in 
studying these phenomena until sufficient data are obtained so 
that some means may be devised for intelligently taking account 
of humidity in the A. I. E. E. specifications for testing insulators. 


As the authors state it has for a long time been known that 
humidity affects insulator flashovers. R. H. Marvin pointed 
this out some years ago. 

It has been found in our laboratory that two porcelain insu- 
lators having exactly the same flashover values at a certain 
definite absolute humidity but differing somewhat in corona 
point, are affected entirely differently by a change in humidity. 
Thus the curves of flashover against moisture content of the air 
for two such specimens would not have the same slopes. It is 
believed, therefore, that the shape of the pieces rather than 
“chemical resistivity” of the surface is the factor that accounts 
for the variation of flashover value with humidity for any given 
insulator. Certainly the curves in the paper under discussion 
are not definite enough to draw conclusions as to the effects of the 
surface of the materials under consideration, 7. e., glass and 
porcelain. 

Suppose for the sake of argument that there were specimens 
made up of glass and porcelain of identical shapes for test pur- 
poses, there would still be an inherent difference in the dielectric 
constants of the materials which would affect the electrostatic 
field and the initial corona point, and as pointed out in the сазе 
of the two porcelain insulators, this factor seems to have a bearing 
on the situation. It would be very difficult to study the surface 
conditions alone. 

Several investigators have found changes in the flashover 
values obtained between needles with varying humidities. 
If these data are true it points to the fact that the conditions 
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observed by Dr. Littleton and Mr. Shaver are not as they main- 
tain, entirely a surface effect. More work should be done in 
this connection. 

W. A. Lewis: (communicated after adjournment) One 
characteristic of the experimental conditions, which appears to 
have an important bearing on the effects obtained, is the form of ` 
the electric field surrounding the conductors. As an example, 
we may compare the results obtained on glass rods by the authors 
of the paper and by Schwaiger, those of the latter appearing to 
be checked by our own investigations. The author found that 
flashover voltage increased with increasing humidity when loops 
of wire were used as electrodes, whereas Schwaiger found the 
opposite effect when the glass rods were placed between parallel 
plate electrodes. The essential difference appears to be in the 
form of the field, as in the first case the field is non-uniform, the 
gradient being very high near the electrodes, and in the second 
сазе the field is uniform and the gradient constant along the 
surface of the insulators. Consequently, in -the first case 
initial breakdown occurs near the electrodes and corona forms, 
but in the other case initial air breakdown and complete flash- 
over are simultaneous. 


a Sparkover Voltage with 
Insulator Removed 


со 
e 


FLASHOVER VOLTAGE — KV. EFF. 
8 


20 40 60 80 100 120 
TIME — MINUTES AFTER REMOVAL FROM OVEN 


Еа. 3—FLASHOVER CHARACTERISTIC OF DRIED Grass Кор, 
DIAMETER 214 Cm., LENGTH 7.62 Cm., AIR TEMPERATURE 21 
Dec Семт., Arr Density 0.985, Revative TO 76 CM. AND 25 
Desc. CENT. 


Peek has shown that the sparkover voltage of needle gaps, 
with which marked corona is present, increases with increasing 
humidity( Diel. Phen., p. 88), and so it does not seem unreason- 
able for the same phenomena to appear here, when the corona 
formation is sufficient. The data obtained from flashover be- 
tween the two wire loops without glass present are insufficient to 
determine whether this phenomenon is actually present or not, 
since the field form is considerably altered by the introduction 
of the glass. 

If there is present another phenomenon, independent of 
corona, which tends to decrease flashover with increasing 
humidity, it is readily seen that flashover voltage may increase, 
decrease, or remain constant with increasing humidity, depending 
upon the relative magnitudes of the two opposite effects. In this 
way the divergent experimental results may be reconciled. 

During the past year experiments have been conducted at the 
California Institute of Technology, using cylinders of glass be- 
tween parallel plates. As no test chamber was available in 
which the humidity could be varied, the expedient was adopted 
of drying the cylinders in an oven at 90 deg. cent. for several 
days, and then testing in the plate gap under natural humidity 
conditions. Flashover voltage was plotted as a function of time, 


‘and curves obtained, of which Fig. 3 herewith is a good example. 
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All curves exhibited the property of starting at a low value, 


rising to a maximum and falling again to a constant value. The 
time required to reach the constant value was in no case less than 
30 min., which suggests that great care should be exercised to 
make certain of equilibrium before taking readings, when the 
controlled humidity method is used. 

We explained the shape of the curves in the following way. 
The low initial flashover voltage was due to the presence of a film 
of heated air around the insulator, and the flashover voltage rose 
as the air cooled. At the same time the surface was collecting 
moisture from the atmosphere, tending to reduce the flashover 
voltage. When the latter effect overbalanced the former, the 
curves began to fall and continued until equilibrium was reached. 
If this explanation is correct, our results would certainly seem to 
check Sehwaiger's, since the flashover voltage decreases with 
increasing surface moisture, corresponding to increased humidity. 
The range of atmospheric humidity was insufficient to obtain 
reliable data by comparison of the equilibrium values of various 
curves. 


‘Fic. 4—SECTION or CIRCULAR, PARALLEL PLATE ELECTRODES 


Although a knowledge of flashover characteristics of practical 
insulators is the ultimate aim, it would appear from the above that 
much fundamental research must be carried out before we can 
reach a sound rational basis for a suitable correction factor. 

R. W. Sorensen: (communicated after adjournment) It will 
be noted that the results of the authors and those found by Mr. 
Lewis each taken alone are such as to cause exactly opposite 
eonelusions. That is, the authors of the paper under discussion 
tell us that for their particular test condition flashover voltage 
increases with increase in humidity. On the other hand, the 
results presented by Mr. Lewis indicate beyond doubt that the 
flashover voltage for the glass rods he used in test becomes lower 
as the surface of the rod becomes moist. In both cases the 
flashover is an air breakdown. 

Peek and others have shown that humidity does not affect the 
flashover voltage for sphere gaps and the authors of the paper 
have shown by their Fig. 6 that the flashover between wire loops 
is also not influenced by humidity. 

Lewis’ tests were made in a very large open room. The 
authors of the paper made their tests in a large box in order to 
be able to control all conditions of temperature and humidity. 
Lewis has just completed a large box of somewhat different 
dimensions and will soon have some further results made therein. 

The authors made their tests with pins and wires or wires as 
electrodes. Lewis’ tests were made with parallel plates in which 
edge effects were avoided by the use of large radii of curvature 
as shown in Fig. 4 herewith. 

Schwaiger, whose work has been mentioned, used electrodes 
similar to those used by Lewis and obtained results in the same 
direction, viz., indicating a decrease of flashover voltage with 
increased humidity. | 

The distinction between the results found by both Schwaiger 
and Lewis and those obtained by Littleton and Shaver seems then 
to be rather one of field form than one of humidity, or at least is 
certainly a function both of humidity and field form. 

A possible explanation of this difference is one based on the 
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shielding effect of corona. That is in the case of wires as used by 
the authors of the paper, corona voltage comes before arc-over. 
Under the conditions of test the added humidity or moisture 
content of the air permits a more uniform and a more abundant 
eorona glow on the electrodes or even at edges of the insulator. 
This glow has the effect of readjusting the electric field so as to 
reduce the gradient, by a shielding effect thus increasing flash- 
over voltage as the moisture increases. 


When uniform fields are used as was done by Lewis and by 
Schwaiger there is no effect of this kind because flashover occurs 
at a voltage less than required for corona. Hence an increased 
moisture content of the air means an increased moisture deposit 
on the insulator with a corresponding decrease in flashover 
voltage. 


Because of these facts it seems inadvisable to introduce in the 
A. I. E. E. rules for testing insulators any general correction 
constant for making humidity corrections because it seems 
apparent that humidity correction constants can at present be 
made only by the establishing of a correction factor for each type, 
and possibly even for each size of insulator; that is, with our 
present knowledge of the fundamentals involved we certainly 
are not in position to establish correction factors for humidity 
which will be applicable to insulator testing. 


J. T. Littleton and W. W. Shaver: Several points have 
been raised in the discussion that require some explanation. 


Mr. Lloyd referred to the slopes of the curves as being deter- 
mined by the insulator designs and not dependent on a property 
of the surface of the material. This might very well be the case. 
However, our statement that the difference between the slopes of 
the curves for the Pyrex insulators and for the porcelain insula- 
tors of comparable size might be due to the difference in surface 
resistance of the material, has as we believe some foundation. 
It is very evident that the slope of the curve for the Pyrex No. 161 
insulator is.somewhat less than the slope of the curve for the 
poreelain 16-kv. insulator. These two insulators are almost 
identical in form and size. Also the poreelain 44-kv. insulator is 
quite comparable to the Pyrex No. 401 insulator and the slopes 
of the curves for these insulators are noticeably different. In 
this case, however, there is more difference in insulator shape than 
in the former case. 


While the surface of both the Pyrex insulator and the porcelain 
insulator is a glass, these two glasses are very decidedly different 
in composition and undoubtedly have large differences in proper- 
ties. It is well known that the surface resistance of all insulators 
depends upon the humidity. Even a material such as fused 
quartz shows a very large humidity effect, so that a difference in 
the surface resistance of porcelain and Pyrex insulators would be 
expected. However, it is not believed that in either case any 
chemical reaction takes place between the water vapor and the 
material. 


Mr. Eby called attention to the fact that even under extremely 
dry conditions the flashover potential was not reduced to a value 
below the wet-flashover value and he concluded therefore that 
humidity curves were desirable only for the purposes of rating 
the insulators and really had no bearing in actual service. How- 
ever, there is another point that must be considered and that is 
the allowable safety factor for a puncture given by the ratio of 
puncture voltage to dry-flashover voltage. For, instance, an 
insulator having a dry-flashover potential of 125 kv., tested in 
air to that point might under extreme conditions have a flashover 
value of 180 kv. in air which might conceivably be very near the. 
puncture voltage; at least the factor of safety so far as puncture 
is concerned would be greatly reduced. 


We do not understand exactly what Mr. Clark has in mind 
when he refers to a test made on insulating surfaces under oils of 
various moisture contents and we do not see in just what manner 
such tests may be applied to our data. Flashover tests made on a’ 
paraffin-coated insulator under various humidity conditions 
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showed the same results as the uncoated insulator tending to 
prove that there is no chemical combination between the insu- 
lating material and the water which gives rise to the curves 
obtained. While the explanation of this phenomenon is undoubt- 
edly of interest, that feature has been given but slight considera- 
tion by us. We believe that the additional conductivity of the 
surface of the material caused by the film of adhering water 
molecules has redistributed the field to a certain extent, tending 
to prevent an overstress of the air around the tie wire and along 
the surface of the material. Mr. Clark, however, is mistaken 
regarding the relative value of the dielectric constant of Pyrex 
insulators and porcelain. The dielectric constant of Pyrex 
insulators for 60-cycle frequency is about 4.8 which is decidedly 
lower than any figure which we have seen published for porcelain. 

Attention again should be called to the fact that in studies of 
this type absolute humidities and not relative humidities should 
be considered. Measurements taken at a given temperature and 
given relative humidity will be quite different when taken at the 
same relative humidity and at a different temperature. There 
is almost twice the amount of water present in air at 25 deg. cent. 
as in air at 14 deg. cent. with the same relative humidity. 

Mr. W. A. Lewis referred to the discrepancy between our 
results on rods and those of Schwaiger. We did not discuss 
Schwaiger in more detail inasmuch as his conditions did not dupli- 
cate ours, he dealing with uniform tangential fields and we with 
conditions as described. The fact that the results differ proves 
the conditions of the two experiments to be different. We trust 
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that Mr. Lewis will make measurements on vacuum-dried rods, 
eliminating the temperature effect to which he has called attention. 

There is, however, a doubt in many minds that the gradient 
in a field between parallel plates is uniform for there is some 
evidence that the drop in the neighborhood of the plates is very 
much greater than in the center of the region between them. 

In our paper we state that a constant humidity was maintained 
for 15 min. before measurements were taken. It was our experi- 
ence that this was ample. Mr. Lewis’ curve further indicates 
that to be so, for a certain portion of his 40-min. interval is 
required for cooling. We did not call attention in our paper to a 
number of tests made on oven-dried insulators carefully cleaned 
with absolute alcohol, for the results after a sufficient length of 
time had been allowed for cooling, were identical with regular 
stock. 

Professor Sorensen calls attention to the difficulty in arriving 
at a correction factor for humidity effect. His conclusions are 
identical with ours. The fact that our family of curves showed 
no consistency in change of slope proves that the humidity effect 
is dependent upon something beyond the absolute flashover 
potential. It probably depends upon the air path and the distri- 
bution of potential over the surface leakage path, in other words, 
the shape, and the surface resistance coefficient of the material. 
We believe that these factors can be separated and evaluated but 
the problem is by no means a simple one. For that reason we 
suggest a humidity curve as being by far the more simple way of 
evaluating this effect for any given type of insulator. 


The Cathode Oscillograph as Used in the Study 


of Lightning and Other Surges on Transmission Lines 
BY HARALD NORINDER' 


Synopsis.— Visible records of the effects of lightning surges and 
transients on transmission lines are described in this paper, which 
explains the operation of a specially constructed cathode-ray 
oscillograph. The outstanding feature of this oscillograph is its 
ability to record phenomena of a microsecond in duration, while 
at the same time the instrument is maintained in an exposed position 


I. RESEARCH STUDIES OF LIGHTNING SURGES ON 
TRANSMISSION LINES 


VER since electric energy has been transmitted by 
long transmission lines extended over great areas, 
research into the nature of lightning surges has 

constituted a problem of great importance. The 
difficulties of a solution to the problem have been in 
many ways almost insurmountable. 

The limitations of a purely theoretical solution to the 
problem of lightning surges. Several attempts have 
been made to solve the problem of surges on trans- 
mission lines in a purely theoretical manner. Such a 
solution has been a necessity for the formal considera- 
tion of the effects of surges running in a transmission 
network with given line constants. The limitations of 
such theoretical calculations reside particularly in the 
fact that assumptions have to be made as to the nature 
of the surges in their initial moments. Evidently 
it is of vital importance to know the amplitude and the 
sloping of the surge front, while a knowledge of the 
front characteristic is of fundamental importance when, 
for instance, the reactions of a surge into a transformer 
must be taken into consideration. 

Practical value of a direct study of lightning surges. 
It is, however, not a purely theoretical point of view 
that has stimulated a direct study of lightning surges 
on transmission lines. The problem is of more interest 
in relation to the practical engineering demands which 
have stimulated research work on lightning surges. 
On a transmission system, it may, for instance, be 
quite necessary to make a decision as to whether or not 
it is necessary to use lightning arresters. Or it may be 
necessary to take up a comparative study of the pro- 
tective value of different lightning arresters. In such 
a situation, it is evidently quite important to be ac- 
quainted with the nature and the different forms of the 
lightning surges. The same holds true for the con- 
struction of lightning arresters. 

Some special difficulties in a direct study of lightning 
surges. It is not a lack of interest that is responsible 
for our shortcomings in understanding lightning surges. 
Our failure has another explanation. There are many 

1. Royal Board of Waterfalls, Stockholm, Sweden. 
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for as much as a million times as long as the occurrence. Methods 
of eliminating load frequency are discussed. Different types of 
lightning surges are reproduced. The use of the oscillograph for 
making graphic records of switching surges on transmission lines 
18 also demonstrated. 


experimental difficulties in direct research work on 
transmission lines. This is especially the case when we 
try to secure direct evidence of the nature of surges, 
etc., under full load conditions on a line. In many 
earlier research studies we have attempted to eliminate 
these difficulties by indirect methods. For instance, 
the damage wrought by lightning surges on trans- 
formers, wall bushings, etc., has been observed and 
from such observations we have derived some knowledge 
of the frontal characteristics of the surges, their oscilla- 
tory character, and their amplitudes. It is a well- 
known fact that in most cases a flashover is a chance 
occurrence, and thus it is not easy to derive valuable 
conclusions from such an empirical consideration of the 
surge phenomena. 

A valuable solution can be arrived at only by direct 
research where the natural conditions of the surges are 
observed under full load conditions. From this 
demand for research under load conditions, some special 
difficulties arise, as we shall see. 

Need for a suitable instrument in studying surges on a 
line under load. When research study of lightning 
surges is limited to an observation of their amplitudes 
and their character of polarity, good results have been 
gained by the klydonograph.? But when it is necessary 
to give an exact analysis of the wave shape with regard 
to time, the only possible instrument now developed 
is a suitably constructed cathode-ray oscillograph with 
an electron jet directly bombarding a photographic 
sensitive layer situated within an evacuated vessel. 

Difficulties with earlier instruments. The following 
demands must be met by the specially constructed 
cathode oscillograph: 

1. As the oscillograph must record surges which are 
generated without the control of the operator, it must 
be so arranged that a record is possible for the shortest 
times of passage 10-5 – 10-3 sec. with a single passage of 
the phenomena. 

2. As the time of arrival of surge phenomena cannot 
be known by the operator, the instrument must be so 
arranged that it can be in a continually exposed position 
for time periods a million times as long as the time 
necessary for the recording of the surge. 


2. J. H. Cox, P. H. MeAuley, L. G. Huggins, Trans. 
A. I. E. E., Vol. XLVI, 1927, p. 315. 
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3. The instrument must be so arranged in construc- 
tion and manipulation that its electron emission is 
steady and sufficient. Instrumental and accidental 
disturbances must be eliminated. 

A cathode-ray oscillograph with a photographic 
sensitive layer in vacuum was first constructed by 
Dufour. ‘His excellent instrument has given very good 
results in the study of such transients and oscillations 
where the time of arrival was determined by the 
operator. The oscillograph has thus been used for 


study of the time lag of sparks and for proper oscillations . 


of transformers. | 

In the study of lightning flashes and the surges 
produced by them on transmission lines, however, it 
has not been possible for us to use an oscillograph of the 
Dufour pattern. The total time of exposure in such an 
oseillograph is restricted to a few times the total time 
of duration of the surges because of the excessive black- 
ening of the film which would otherwise occur. Since 
it is impossible to foretell the exact time a lightning 
surge will occur, it 18 necessary to have a time of ex- 
posure of sometimes half an hour or more in order to 
record a surge with a duration of fifty microseconds; 
it can easily be seen that it was quite necessary to 
solve the research problem by elimination of the black- 
ening effects of the electron jet. 

The oscillograph especially constructed for transients 
and surges on transmission lines. In the beginning 
. of our research work on lightning surges in the labora- 
tory of the Swedish Royal Board of Waterfalls, we 


Fig. 1—Тньк CarHopE Ray OSCILLOGRAPH ОЕ NEW 
CoNSTRUCTION 


were soon persuaded that the conditions given above 
could be met only by an instrument of special pattern. 
If the occurrence of lightning flashes and of their surges 
on transmission lines had been very frequent in Sweden, 
we should probably have been able to obtain results 
earlier. During some seasons, however, we have only 
one or two occasions to secure records, which is not 
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sufficient, considering the experimental difficulties 
that must always be related to the problem. 

The instrument which we devised in the research 
station of the Royal Board of Waterfalls near Uppsala 
is illustrated in Fig. 1. 

The instrument is, as may be seen, very robust in 
its construction. It consists mainly of metal, using 
only a straight bit of glass between the cathode and the 
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Fig. 2—Map or 20-Kv. TRANSMISSION SYSTEM USED IN RECORD- 
ING LIGHTNING SURGES 


anode. A suitable vacuum pressure can be regulated 
by the aid of a specially constructed regulation valve. 
By this arrangement, it has been possible to establish 
a very steady electron emission from the cathode. 

All arrangements have been made to secure a con- 
tinuous operation with the instrument. The necessary 
time for evacuation has been considerably reduced. 
Valves and vacuum tubes have been constructed of 
metal and the pump connections to the oscillograph 
have been so arranged that it is not necessary to stop 


‚Ше pumps when passing air into the oscillograph vessel 
_ for changing films. 


The pump arrangement is so 
effective that it is possible to gain an effective vacuum 


. within 8 to 10 min. with a film surface of 600 sq. cm. 


Special arrangements make it possible to reduce the 
secondary stray radiation from the electron jet, and 
thus it is possible to work with the oscillograph in an 
exposed position for one or two hours. During this 
time of exposure, the instrument still has the property 
of recording short transient phenomena with a total 
duration of some millionths of a second. It is quite 
possible to attain still shorter times -by a regulation 
of the intensity of the electron emission. 

In the folowing will be demonstrated the results 
gained with the instrument in recording either lightning 
surges on a transmission line or switching surges under 
full load conditions The records were taken with the 
cathode oscillograph connected to a 20 kv. transmission 
line from a transformer station of the Royal Board of 
Waterfalls in the vicinity of Uppsala, Sweden. The 
short connection line from the experimental station 
to the transmission line is marked a in Fig. 2. 
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The connection of the oscillograph to the transmission 
line under load. The records of lightning surges 
were taken mainly from the transmission line group 
marked No. 1 in Fig. 2. Sometimes surges coming 
from lines 2 and 8 were also recorded. By the con- 
nection of several end points of lines to the record 
system, it sometimes has been difficult to identify the 
reflected surges. 


Fic. 3—THE ExPERIMENTAL STATION OF THE SWEDISH ROYAL 
Boarp OF WATERFALLS FOR THE STUDY OF SURGES 


For recording purposes, the cathode-ray oscillo- 
graph was placed in a special building. (See Fig. 3.) 
The distance between this building and the line was 
50 meters, and from the connection point to the trans- 
former of the. line was 150 meters. The records thus 
ean be referred to one of the end points of the line. 

The oscillograph was connected through condensers 
to the line, the connection consisting of two chain 
insulators for each phase. Their capacity was .20 
micro-micro-farads and thus could be neglected in com- 
parison with the line capacity. It was easily possible 
to disconnect the line voltage from the system by the 
aid of an outdoor switch. (See Fig. 3.) | 


Fig. 4—МуЕтнор or THREE-PHASE CONNECTION OF THE 
OSCILLOGRAPH TO THE TRANSMISSION LINE 


Methods of eliminating load frequency. The mea- 


surements were performed under full load voltage and 
thus it was necessary to make use of an elimination 
method for the 50-cycle voltage. For this purpose we 
used different methods. 

1. The three-phase voltages from the line were 
reduced by the capacities of the identical surge in- 
sulators, 71, î2, їз, and the small variable air condensers 
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V1, Vo, 03. (See Fig. 4.) A small distortion of the line 
voltages caused by load variations in the transmission 
lines was easily eliminated by regulation of the variable 
condensers ?; V2, оз. When the system was in full 
phase symmetry, the sum of the voltages was zero. 
And then, if for instance the symmetry were disturbed 
by an atmospheric surge, a deviation of the electron 


Fie. 5—T wo DIFFERENT METHODS or DIMINISHING THE 
Errect or Loan FREQUENCY 


jet took place within the instrument. (See Fig. 5-a.) 
This method has a disadvantage. If the surge should 
cause a breakdown to ground on one of the three 
phases, the load voltage from the other phases would 
cause a blackening of the film. | 

2. The oscillograph was connected in single phase 
to the line, for instance, above the variable condenser 
01, from line 1. (See Fig. 4.) The two other. lines, 
2 and 3, were disconnected from the oscillograph. By 
regulation of the small air condenser 1, it was easy to 
give such a value to the line voltage that it was covered 
by the “zero losses" of the oscillograph. (By zero losses 
is meant that amount оѓ voltage that must be imposed 
on the instrument before any record takes place.) 
The line voltage was in such a case reduced from the 


. initial value a as in Fig. 5-b to the reduced value b in 


yo 20KV LINE 


| 
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Fic. 6—MeEtTHOD or DIMINISHING THE ErrEgcT or Loap FRE- 
QUENCY BY MEANS ОЕ LEAKAGE RESISTANCE 


the same figure. Surges c, d, or e exceeding the line 
voltage could in such a case be recorded. The ad- 
vantage of this method lies in the great deviation pos- 
sibilities of the surge above the line voltage and an easy 
control of the latter, while the normal load voltage 
varies only within the fixed zero losses of the instru- 
ment, which may be between five to ten per cent of the 
whole possible deviation of the instrument. 
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3. The oscillograph is single-phase-connected to the 
line. (See Fig. 6.) Parallel to the deviation system 
of the oscillograph is placed a leakage resistance R and 
a small variable condenser C of such a value in relation 


. to the capacity of the system that it affords an effective 


leakage for the load frequency, but stops higher fre- 
quencies, for instance, those of 1000 periods or above. 
The leakage of the resistance diminishes with the 
increasing of the frequency. For an effective regula- 
tion, it is still necessary to hold the reactance of the 
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Fic. 7—VovrAGE CORRECTION CURVE FOR DIFFERENT 
FREQUENCIES | 


condenser small in comparison with the leakage ге- 
sistance. Ifa set of impulses is observed and their time 
of duration is shifting, difficulties may arise in using 
this method. The reactance of the condenser system 
varies with w, and it is thus quite impossible to geta 
value for the leakage that can be considered as suitable 
for a very much wider range of frequency. This may 
be seen by the relation: 
2 т 

к — V e RoC (1) 
where V is the voltage between the condenser plates 
without leakage, and Vz the corresponding voltage with 
leakage. The leakage resistance is E, the effective ca- 
pacity C. When recording with variable frequencies, 
it thus must be noted that the functional correlation 
between the leakage and the frequency can be repre- 
sented by а curve. (See Fig. 7.) The modification by 


the leakage is illustrated by Fig. 8, where curve I 


s 


represents а real curve and curve IJ the modification of 
amplitude that results from the leakage of the resistance 
R. The regular variation of the voltage with the fre- 
quency makes it possible to establish corrections for a 
defined frequency. It is always possible to give such a 
value to E and C for a given frequency that the influence 
of the leakage can be reduced. | 


In order to reduce the influence of and errors caused 
by unknown variation with high frequency of the 
leakage resistances used, it was necessary to test the 
leakage circuit by superimposing on the system at the 
high voltage end, voltages of known frequency and 
amplitude from a separate impulse generator. 

Results of the measurements. In the following will be 
revealed the results of studies of lightning surges made 
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at the above-mentioned experimental station at 
Uppsala. The general direction of these results has 
been clear to us for the past four years. By visual 
observations of the fluorescence spot in the cathode-ray 
oscillograph connected to transmission lines, we have 
obtained a first-hand practical experience of the fre- 
quency and the variation forms of lightning surges on 
transmission lines. From this experience we had to 
decide the velocity to be used in recording lightning 
surges. In this first research work, we did not prefer 
an abnormally high velocity for making our records, 
because it was clear to us that many of the surges had 
their fronts not quite straight, but sloping. The 
probable reflections from different points of the trans- 
mission system were another reason for our making our 
records with a velocity that was not too high. In such 
a case, too high a velocity would cause a confusion of the 
curves. Our intention with these preliminary research 
studies was to get a general understanding of lightning 
surges on transmission lines. With this general under- 
standing, the next step evidently was a more detailed 
study of the surges. | 


A feature which we noticed in the beginning of our 
observations was the following: Sometimes severe 
thunderstorms developed in the vicinity of the trans- 
mission lines without any appreciable occurrence of 
lightning surges on the transmission lines. The expla- 
nation of this circumstance should be plain enough. 
The general distribution of the field intensity in the 
thunder cloud was such that either no field lines that 
were broken down by the lightning flashes ended on the 
transmission lines, or the breaking down of the lines 
was performed with such a slow velocity that no light- 
ning surges of any appreciable amplitude could be 
developed. On another occasion, a similar thunder- 
storm might develop plenty of surges following one 
after another on the same transmission line. In such 
a case, the general field distribution was of a peculiar 
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Ега. 8—APPEARANCE OF SURGE WHEN UsING LEAKAGE 
RESISTANCE METHOD 


character, with many field force lines ending on the line, 
and the lightning flashes developed in as short a time as 
was necessary to produce surges. Sometimes we could 
observe surges following one after the other where all 
were of the same shape. This might be explained by 
the fact that the lightning strokes were developed during 
similar physical conditions within a restricted sphere of 
the thunderstorm cloud. 
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It must be noted that our observations of the light- 
ning surges have been hindered by the infrequent oc- 
currence of thunderstorms in Sweden. During the 
season of 1926, we could get only a few surges on our 
transmission lines which were under observation. Thus 
we were forced to economize with the few opportunities 
for observation which were available, and it was neces- 
sary to develop our instruments to a high degree of 
operating safety. Especially were we obliged to 
concentrate our efforts on the point of eliminating the 
secondary stray radiation in order to get the longest 
possible time of exposure. 

The first lightning surges recorded with the specially 
constructed cathode oscillograph. The first records of 
lightning surges were taken during the summer season 
of 1925. А specimen of such a record is given in Fig. 9. 
The normal 50-cycle load in this сазе varied within the 
limits of the bright band. We can observe from the 
curve surge values of about three times the top values 
of the load voltage. When these records were made, 
the cathode ray oscillograph was not so highly de- 
veloped with regard to elimination of secondary stray 
radiation and intensity of the electron jet. Therefore 
in making the record in Fig. 9, it was necessary to 
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Fic. 9—First OSCILLOGRAPH RECORD or LIGHTNING SURGE ON 
A TRANSMISSION LINE 


hold a relatively small electron emission, which reduced 
to some degree the sharpness of the curves. For re- 
producing this oscillogram in a printed paper, it was 
necessary to intensify to some extent the curves of the 
original record. 

We can see in a and b of Fig. 9 two different surges 
with their fronts quite straight. The reflections of 
these surges are also visible, for the first surge a at c, 
and for the second surge b at e,f. The curves with 
small amplitudes at d, f, and g must have their origin in 
other surges that have been highly damped before 
reaching the point of observation. The reflected 
surges have undergone, as we can see, a very pro- 
nounced damping. The initial top value of the surge 
was more than three times the normal line voltage to 
earth. In spite of these high surge values, the protec- 
tive relays did not cause any disconnection of the 
transmission line. We can, in such cases, suppose that 
flashovers occurred on some of the insulators of the 
transmission lines where the surge had its highest 
value, but the paths of flashovers were too weak to 
produce a connection strong enough to complete a 
connection to earth for the normal load voltage of the line. 
Similar situations have been observed several times. 
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Various lighining surges which were recorded on 
transmission lines during the thunderstorm season of 
1927. Improvements in the cathode-ray oscillograph 
made it possible to record many surges on transmission 
lines during the summer season of 1927. The oscillo- 
graph was connected through condensers to the line 
either in a single-phase connection or sometimes a 
three-phase one. The records of the latter connection 
were sometimes disturbed bya current to earth from 
some of the connected phases. The recorded surges 
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Fig. 12 
Fıcs. 10, 11, 12—More Recent Recorps or LIGHTNING 
SuRGES, TAKEN WITH AN IMPROVED INSTRUMENT 


were in such a case covered by the 50-cycle load voltage 
variations and it was sometimes troublesome to identify 
the surges in the primary records. 

As may be seen by the following reproduced records, 
we sometimes have records of surges with a small 
amplitude. The reason for this is that since relatively 


few thunderstorms produced surges on the transmission 


line, it was necessary to work with thunderstorms often 
far away from our observation station. A lightning 
surge with an initially high amplitude at, for instance, 
30 km. distance from our observation point чш 
reached the oscillograph in a damped state. 

In Figs. 10, 11, and 12 are given some examples of 
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surges recorded on the 20-kv. line mentioned above. 
These figures are direct reproductions of records with 
the film in an exposed state in the oscillograph’s vessel 
during an hour. In spite of the long exposure time, 
we can not find any trace of severe blackening by 
secondary stray radiation. | 


lig. 13—OSCILLOGRAM OF LIGHTNING SURGES, OBTAINED BY 
Usina THREE-PHASE CONNECTION OF OSCILLOGRAPH 


In Fig. 10 there are several surges superimposed in 
the same period of record while the surgesin Figs. lland 
12 are separated. The surges of Fig. 12 seem to have an 
oscillatory character caused by special connections in 
the transmission line system. 

The method of a three-phase connection has also 
been used and in Fig. 18 is a record reproduced where 
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The other surge types 2 to 5 of Fig. 17 reach their 
highest value in a time varying from 10 to 150 miero- 
seconds. Surges of a highly damped or oscillatory 


‚ character, types 3 and 4, we have observed only a few 


times when the line was disconnected by the protective 
relays. Type 5 has been observed during similar 
conditions. 

A marked variation in wave shape and frontal 
characteristics of the lightning surges recorded has 
been observed. This variation is fully explained bv 
the unstable conditions which sometimes are character- 
istic of the electrophysical development within a 
thunderstorm cloud. The discharging processes within 
a thundercloud take place often only between charged 
cloud volumes. In such a case, lightning surges may 
be produced where the front is sloping. On the other 
hand such discharges between cloud volume and the 
earth may produce surges where the fronts are quite 
steep. | | 

Pronounced positive surges such as 1 and 2 in Fig. 17 
are the most frequent type. Sometimes such surges were 
followed by earth current in the line. We have often 
held our film in an exposed position a long time in 
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the oscillograph was connected to the three phases of 
the line through suitable condensers. The earth 
current in this case gave rise to a dissymmetry of the 
phase voltage, which to some extent disturbed the 
record. In other original films it is possible to find 
several surge types of interest. In Figs. 14 to 16 some 
of them are given, drawn from the original records 
taken with a three-phase coupling. The earth current 
in these records caused a dissymmetry in the load 
voltage and in such a case a direct reproduction would 
not give a clear view of the recorded surges. — — 

The different types of lightning surges amd the 
need for more extensive research in the future. The 
different types of lightning surges that we have re- 
corded are demonstrated in Fig. 17. About one-fifth 
of them have, as in No. 1, a straight front where the 
highest voltage is reached within a few microseconds or 
part of a microsecond. We hold it as possible that 
some surges of this type are generated by direct light- 
ning strokes on the lines. At the very moment some 
of them were produced, we have observed lightning 
strokes in the vicinity of the transmission lines. 


Fics. 14. 15. 16—REPRODUCTION or SEVERAL INTERESTING SURGE TyPEes RECORDED 


order to get as many surges as possible; thus it is clear 
that earth currents from some of the heaviest surges 
eould not be avoided. "Very often the repeated surges 
were of type 5, having a similar amplitude value; 
therefore, they cannot be regarded as reflected phe- 
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Fic. 17—Dirrerent TYPES or LIGHTNING SURGES RECORDED 
WITH THE CATHODE RAY OSCILLOGRAPH 


nomena from an original surge. In Fig. 9 on the other 
hand, there can be noted a fixed time difference between 
the original surge and its reflections. That the time be- 
tween an original surge and its reflections may vary from 
case to case, can be explained easily. The thunderstorms 
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considered as a generating region of the surges may, of 
course, change their distances from the transmission 
line, and sometimes we must calculate with two 
thunderstorms at a distance along the same transmis- 
sion line. Therefore we can explain the differences in 
time from the reflected transients. Characteristic of 
the reflections is the pronounced damping. 

The amplitudes of the surges have varied between 
5 to 30 kv. to earth, values from 1% to 3 times the 
normal load voltage to earth. A number of our 
recorded surges has a remarkably low amplitude. 
This may be explained by our special precautions in 
these researches. We have tried to get as many surges 
as possible, and we have not restricted our efforts to 
such surges as have an amplitude surpassing the line 
voltage. 

We have already pointed out the marked damping of 
many surges. In some cases, we have found a damping 
to 1/10 of the initial value on a distance of 60 to 80 
kilometers. Surges that are developed at a distance of 
30 to 40 kilometers from our observation point must, 
when they are passing this point, already be damped 
to some extent. 

A surge exceeding three to four times the line voltage 
to earth does not necessarily produce a flashover path 
of such concentration that the line voltage will follow 
in the same path. We have, during a thunderstorm, 
observed lightning strokes quite near the transmission 
line at a distance of 12 kilometers from our observation 
point. On this occasion, flashovers were observed on 
insulators with an insulation twice as high as the 
normal insulation of the line insulators. It was quite 
possible that the line insulators at the same moment 
flashed over. Any disconnection of the lines by the 
protective relays at that moment was not observed. 

An object to be desired in future research studies is to 
work with a set of oscillographs at different distances 
along the line, and at the same time put up one or two 
oscillographs especially adapted for recording the dis- 
charge forms of the lightning. 

It is of importance with regard to the future to 
observe the real location of the lightning channels and 
regions. In other words, their distances to the trans- 
mission line on which surges are recorded must be 
observed in order to get quantitative results. This 
may be done in a manner which we have earlier used 
in our thunderstorm investigations in Sweden, by 
observing the time difference between the lightning 
and the thunder. In such a case, one can use two or 
three observation stations suitably located with regard 
to the transmission lines. 

While our studies of lightning surges on transmission 
lines have fully confirmed our earlier results that were 
drawn indirectly from the nature of lightning discharges, 
we cannot yet draw positive conclusions about the char- 
acter of surges on transmission lines. The primary set 
of phenomena that controls the generation of surges on 
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transmission lines is quite variable. It is therefore 
necessary to do an extended piece of work before we are 
ready to deprive the surges of all their mystical char- 
acter. From the results given above, it is evident that 
it is now possible to undertake an exact piece of re- 
search on the lightning surges on transmission lines in 
an entirely different manner than has heretofore been 
feasible. 


II. STUDIES OF SWITCHING SURGES ON TRANSMISSION - 
LINES 


For some time it has been desired to record such 
transients as are produced by switching on long trans- 
mission lines. The difficulty of such studies has 
always been the lack of suitable instruments. 

The limitations of purely theoretical calculations. By 
theoretical methods it has been possible to precalculate 
the general characteristics of transients. Such a 
calculation, however, has its limitations. By calcula- 
tions, only, we can get no answer to the question as to 
what happens in reality on a transmission line during a 
switch operation under full load conditions. Several 
experiments have been made with artificial lines to 
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Fic. 18—DrAGRAM or 20-Ку. Ілме Usep IN TAKING. 
OSCILLOGRAMS OF SWITCHING SURGES 


escape this difficulty. The line constants have in such 
а case been chosen so that they correspond in their 
oscillations to the proper oscillations of oscillographs of 
the usual pattern where the vibrating element is a 
mechanical one. Such studies have served to confirm 
the theories of transients, but they cannot give any 
answer as to what happens on a line during switching 
with full load conditions. 

Switching transients graphically recorded by suitable 
cathode ray oscillograph. The uses of the cathode ray 
oscillograph in recording lightning flashes and surges 
having been made clear in the first part of this paper, 
it will be evident that the cathode ray oscillograph 
constitutes a suitable instrument also for recording 
switching surges on transmission lines under full load 
conditions. 

The transmission line used for switching surges. 
For the switching operations, we have used a 20- 
kv. line of which a diagram is given in Fig. 18. 
At one of its end points, the line has been connected to 
a commercial transformer of a ratio of 70/20 kilovolts. 


Feb. 1928 


The neutral point of the transformer has been earthed 
directly without any ground resistance. The line has 
been set free from all inductive loads in the form of 
transformers and the other end of the line has been 
open. In order to get as pure conditions as possible, 
all side branches of the line have been disconnected. 
Sometimes two of the three-phase lines have been 
connected in one of the line ends in order to get a double 
length of the line. For the switching operations, we 
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Ficas. 19, 20, 21, 22, 23—OSCILLOGRAMS or SWITCHING TRANSIENTS, 


have used commercial oil switch-breakers which, in 
general, have not been equipped with discharge 
resistances. 

Methods of eluminating the normal load frequency. 
The measurements have been performed either with 
a single-phase or a three-phase connection to the line, 
and we have in these investigations used the methods 
of elimination that were described in the first part of 
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this paper. The latter type of connection has some- 
times been of great value, because it is possible by this 
connection to eliminate the ordinary 50-cycle load 
voltage in a simple way. If the system has its full 
symmetry, the resulting voltage must be zero on the 
deviation system of the oscillograph connected through 
In such a case, 
when the symmetry is disturbed, we can get a voltage 
on the deviation system and thereby get a record. 
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We have found this method very simple and con- 
venient for the elimination of the ordinary load voltage. 

Results gained on commercial lines under load 
conditions. Our experimental studies have been ex- 
ecuted on commercial lines under full load conditions. 
This has been a circumstance both of advantage and of 
difficulty. By switching with a commercial breaker 
on a particular line, we have gained phenomena of 
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similar character, and it has been impossible to vary 
the operations with regard to the amplitude and the 
front sloping of the transients. The method has its 
definite advantages. It has been possible by this 
method to gain such transients as really occur on trans- 
mission lines under natural load conditions. Some 
variations and irregularities have been observed. 
These are caused by irregularities lying in the ares and 
sparks of the oil switch. For instance, in closing a 
circuit breaker, the contact at a certain moment will be 
separated sufficiently to cause a spark, which is followed 
ру an are. From our researches, we can conclude that 
the time for this spark is a very short one—the process 
is developed within a part of a microsecond, or within 
a few microseconds. In the spark path is produced an 
arc with changing characteristics. From this originate 
voltage fluctuations with varying periods and ampli- 
tudes. The process can have a duration up to 1/500 
 ofasecond. 

Switching surges with a three-phase connection. 
Switching transients, where we have used a three-phase 
coupling method, are produced in Figs. 19 to 22. 
From Figs. 19 and 20 may be seen a rapid increase in the 
voltage when the line energized. Such rapid voltage 
variations can be observed in all our records. 

This straight front wave passes along the line and 
сап very often be observed when it is reflected. In 
Fig. 20 we can observe the time for the reflected wave 
marked b. The time difference between a and 5 is as 
measured on the original records 280 microseconds, 
which altogether corresponds to the time necessary 
for a transient wave to pass and return on the 42.1-km. 
longline. The marked increase of the resulting voltage 
at b can easily be explained as a summation of the 
existing voltage and the reflected voltage at the ob- 
servation point. 

A comparison between oil circuit breakers provided 
with and without discharge resistances. If we com- 
pare Figs. 19 and 20 on the one hand, and Figs. 21 
and 22 on the other, we can observe a pronounced 
damping effect of the discharge resistances. If oil 
switches are used without discharge resistance (see 
Figs. 19 and 20), we can still observe that the produced 
voltage variations are not severe. This isin accordance 
with the practise in the United States. An examination 
of all our records of transmission transients shows that 
breakers not provided with discharge resistances produce 
more rapid voltage variations in comparison with those 
having resistances mounted. It seems that the dif- 
ference is not great enough to give any reason for the 
complications and costs that always follow the existence 
of the discharge resistances. In their initial moments, 
voltage transients are developed with straight fronts. 
The amplitudes of these voltage surges do not exceed 
the variation of the load voltage. 

The advantages of using a three-phase coupling method. 
The method of using a three-phase connection 
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through condensers has some advantages over the 
method of a single-phase connection. The former 
method can give a more general view of the switching 
phenomena recorded. This can be seen by the Figs. 
23 and 24. The time covered by the record in these 
figures extends over half a cycle of the normal load 
frequency. In order to explain the records of Figs. 19 
and 20, we have drawn the three-phase half periods 
together with the switching transients with marked 
initial times. It is easy to observe, by comparison, . 
how the moments of contact are recorded for each of the 
three-phase voltages. In the upper curve in Fig. 23, 
we can see that the voltage of curve 1 has gone over 
at A,, for curve 2 at Bo, and for curve 3 at Сз. In the 
lower curve in Fig. 23, the voltage has gone over at A, 
for curve 1, at В, for curve 2, and for curve 3 when this 
curve has passed through zero. The time for the 
contact voltages is determined by the position of 
each contact in combination with the suppressed load 


Fig. 24—OsciL.LoGRAM OF SWITCHING TRANSIENTS, USING 
SINGLE-PHASE CONNECTION AND A LOW LEAKAGE RESISTANCE 


voltage and the insulation resistance between Ше: 
contacts. 

The characteristic method of the system is as follows. 
When the three contacts have gained their full load 
voltage, and the voltage system is symmetrical, the 
deviation system of the oscillograph comes to zero. 
potential. | 

The amplitude of the voltage does not need to come 
up to its full crest value when the contact takes place. 
The contact value is determined both by the voltage 
value of the contact and its position with regard to the 
insulation resistance of the oil. 

Results of switchings where the single-phase method 
has been used. The other method used was a single- 
phase connection. In this case, the other two phases 
were either grounded, or in some instances, insulated. 
Some definite difficulties arose in the use of the single- 
phase connection method. It thus was necessary to 
eliminate the normal 50-cycle load voltage. For this 
purpose, we have the method with a leakage resistance 
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already described. We must remember that this 
method gives different voltage scale values for different 
frequencies. 

We have not, in these researches, found it necessary 
to introduce a variable voltage scale. Our scale given 
in the figures thus refers only to the voltage fluctuations 
of a voltage variation where full voltage values are 
gained within about a hundred microseconds. 

Some researches with a single-phase connection are 
reproduced in Fig. 24. In these records we have used a 
very low resistance and the leakage thus has been 
appreciable in order to record only the rapid voltage 
variations. The length of the line was 42.1 km. 
The straight voltage fronts, that are clearly visible on 
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Fias. 25, 26, 27—OscILLOGRAMS OF SWITCHING SURGES, 
UsriNaG SINGLE-PHASE CONNECTION AND LARGER LEAKAGE 
RESISTANCE | 


the original records, are marked a in Fig. 24. The 
voltage reaches its full value within a few microseconds 
and these curves are then marked b after reflection from 
the other end of the line. The time difference between 
the original and the reflected curve is 280 microseconds, 
a value in full accordance with the normal speed of 
transients on the line. 

Some studies have also been made where a larger 
leakage resistance is chosen than in the case first 
mentioned. By such an arrangement, it has been 
possible to record slower voltage variations. The line 
length has been doubled in this measurement. 

Some results of such measurements are given in 
Figs. 25, 26, and 27. "The line length and connection 
diagrams are given in these figures. The straight 
initial voltage front that is developed when the line 
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was set under load is marked a in some of the Figs. 25 
to 27. This straight front varies with its full value 
within a few microseconds and must, with the time 
scale used in the records, be marked as a vertical line 
going up from the zero line. These straight fronts are 
very quickly damped. 

In Fig. 25 are reproduced a set of repeated connec- 
tions of the line to the transformer. It must be noted 
that these different connections produce similar voltage 
variations marked 6 in Fig. 25. In connection with this 
slow variation, we observe a high frequency variation 
that is quickly damped. The reflected transient com- 
ing from the otherend of the line is regular and marked с 
in the figures. | 


The voltage variations in the open end of the line 
have been recorded and are reproduced in Fig. 26. The 
initial voltage variations in this figure are marked a. 
As the line is open, we have recorded a doubling of the 
voltage amplitude. The high frequency which is very 
marked in Fig. 25 has quite disappeared at the open 
end of the line. 


Voltage variations of a more complicated structure 
are reproduced in Fig. 27. In this record the voltage 
variations are composed of the initial, the passing, and 
the reflected voltage variations. 

Conclusions. This article covers the first studies of 
lightning and switching phenomena with a cathode-ray 
oscillograph of new construction, ever made on trans- 
mission lines during load conditions. Naturally it is 
only a beginning describing some practical schemes 
that can be employed in making such investigations, 
and the author hopes that further work to be done in the 
near future will bring out many more valuable con- 
tributions to the science of lightning and switching 
phenomena. 


Discussion 


D. W. Roper: In all of the calculations of the effects of 
lightning heretofore, it has been neeessary to assume the shape 
of the wave of the transient voltage due to lightning as a basis 
for ealeulations. Similar assumptions must also be made in 
conneetion with the tests on lightning arresters with the aid of 
the so-ealled lightning machines, in order to obtain information 
regarding the relative proteetive value of various types of ar- 
rester. Now for the first time Dr. Norinder shows, not some 
assumed values, but some aetual eurves obtained by his modified 
form of eathode-ray oscillograph. These records show very 
plainly that there is a wide variety in the forms of transient volt- 
age waves, and this means that it is not sufficient to assume one 
particular form of wave in making comparative tests on lightning 
arresters. Instead, the proper procedure would be to arrange the 
lightning-machine circuits so that a variety of transient voltage 
waves would be applied to the lightning arresters under test, and 
the average of the results obtained in this manner utilized instead 
of the results from one particular form of wave as has been the 
practise heretofore. In all probability, such a procedure will 
account for a part of the discrepancies which have been noted 
between tests on lightmng arresters in the laboratory and the 
records obtained from arresters in service. 

Recent studies of the transformer failures due to lightning in 
Chicago indicate beyond any reasonable doubt that about 30 
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per cent of such failures are due to transient high voltages which 
enter the transformer on the low-voltage leads. The failures 
from this cause, which are of the order of 0.1 per cent per year, 
are so small that it is quite impossible to secure the data by the 
statistical method that was followed in the papers heretofore 
presented before this Institute, and, accordingly, arrangements 
are being made to secure this information by means of a cathode- 
ray oscillograph similar to the one used by Dr. Norinder. It is 
hoped that, in addition to furnishing information as to how the 
transformer failures due to lightning entering via the secondary 
leads may be prevented or reduced under the conditions in 
Chicago, the studies which are planned will, in addition, furnish 
information regarding lightning protection which can be applied 
to higher-voltage circuits. 


K. B. McEachron: Those who have attempted to solve the 
problem of applying the cathode-ray oscillograph to the study of 
lightning in the field appreciate the difficulties involved. 


In the United States we have been operating oscillographs of 
the Dufour type over a period of three or four years, and have 
been quite successful in recording the performance of devices on 
transients produced in the laboratory. The difficulty comes 
about chiefly in the matter of getting the oscillograph under 
way when the transient comes along. Needless to say we have 
no premonition of its happening, and as a rule we are not able 
to beat the transient to the oscillograph, which means that we 
must have some means of automatically setting off the oscillo- 
graph, or else keeping it in operation all the time. Dr. Norinder 
seems to have solved that problem in the second manner. In 
that connection there is one question I should like to ask him. 
I presume he is using a cold-cathode-ray oscillograph, and I 
wonder how much difficulty he has with holding a good spot on 
the film. І assume he has no difficulty because his photographic 
records are satisfactory. We have had difficulty in that partie- 
ular respect, in holding a satisfactory spot over a long period of 
time when using high cathode-anode accelerating potentials. 

This problem can perhaps be attacked from the standpoint of 
the hot cathode instead of the cold. There are certain inherent 
difficulties with that method, however. In the Lightning 
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Arrester Laboratory in Pittsfield we have worked out a scheme 
whereby the transient will actuate the oscillograph although the 
device itself was not previously in operation. By that I mean 
that there is no cathode stream at the moment the lightning 
discharge reaches the oscillograph, but it has been possible to set 
up the circuit so as to start the oscillograph at the moment when 
the transient appears. It is necessary, of course, to find some 
means of delaying the transient for a short period of time, as in 
the method Gabor used in his experiments in Berlin where he 
delays the transient by passing it through a cable of more or less 
known characteristics, and then measures the emerging tran- 
sient. In the meantime the oscillograph has had a microsecond 


or two to get into operation. | 


We have соте to feel that this problem is an extremely 
important one. Some valuable work has been done in this 
country with the Lichtenberg figures. However, they tell us 
nothing about the duration or tail of the transient and therefore 
we are unable, very often, to decipher accurately the results which 
we get from the surge-recorder or klydonograph studies. This is 
probably due very often to differences in the form of the waves, 
and therefore our solution at the present time is rather 
indeterminate. 

I feel that we must have on our transmission lines in our 
country several of these cathode-ray oscillographs so that we 
can determine the crest values, wave fronts, and character of the 
tails of waves which appear on our transmission circuits. The 
effect of the station equipment in modifying and reflecting these 
waves forms should be also determined. 

Harald Norinder: This question of the regulation of the 
spot in a cold-cathode-ray oscillograph raised by Mr. MeEachron 
has not caused us any difficulties at all. To have a steady spot 
is only a question of regulation. With respect to an oscillo- 
graph where a hot cathode is used it would be of interest if such 
a type could be developed, but I am not sure that all troubles 
could be easily avoided. It is for instance very hard to get a 
suitable concentration through the anode with the hot-cathode 
type. There have been some trials to solve the problem of the 
hot-cathode type but I have not seen any publications giving 
good practical results. 


Synchronous Machines—1 V 


BY R. E. DOHERTY* 


Member, A. I. E. E. 


Synopsis.—T'he special case of cylindrical rotor machines has 
been treated previously by Boucherot and others. The present 
paper solves the general case, including salient pole machines. 
The cylindrical rotor type thus becomes merely a limiting case. 
The principal assumption which distinguishes the present theory 
from the extensively studied cylindrical rotor theory is that the 
total armature self-inductance is here taken as variable with respect 
to rotor position, whereas the previous theory of short circuits, as 
represented by Boucherot, for instance, assumes this inductance to 
be constant—in other words, that the air-gap is uniform. 

The four basic concepts underlying the tmorovement in theory, 
both as applied here and in the authors’ previous work on Syn- 
chronous Machines, are: 

1. Characterization of the machine by four reactance coefficients, 
two corresponding to the main pole axis, i. e., direct axis, and two to 
the interpolar axis, i. e., quadrature axis. These are: хь, Xp’, 
Zo, Tq’. (See notation.) Thus the theory has been referred to, 
more or less aptly, as the ‘‘Four-Constant Theory." 

2. Resolution of flux and m. m. f. waves traveling with respect 
to the rotor into stationary, pulsating components in line with the 
direct and quadrature axes. The theory involves also, of course, the 
usual Blondel resolution of the stationary fundamental waves. 

8. That the variable component of armature inductance varies 
between the direct axis value and the quadrature axis value as a 
second harmonic function of the electrical space angle. This 
applies to all variable components of inductance which, with arma- 
ture current of fundamental frequency, produce fundamental voltage. 

4. The complete use of a fractional system of notation throughout 
the equations, thus expressing each quantity as a decimal fraction of 
some definite, convenient value, such as ‘‘normal” value. This is, of 
course, an oulgrowth of the familiar practise of expressing such 
quantities as a per cent of normal value, but the latter involves 
carrying along the ‘‘100” in calculations, which is both cumbersome 
and conducive to numerical error. Experience has established a very 
definite preference for the former—the only difference between them, 
of course, being the position of the decimal point. Thus, with 
unity as the base, instead of *'100," it is proposed to denote the 
former by “per unit" system, instead of ‘‘percentage’”’ system. 

Turning to the results of the paper, expressions are derived for the 
short-circuit currents in the armature and field, for voltage induced 
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Machines. Part I was an extension of fundamental 
theory; Part II, a treatment of torque-angle character- 
istics under steady state conditions; and Part III, 
presented at the 1927 Winter Convention, a study 
of torque-angle characteristics under transient con- 
ditions. In the present paper, an analysis is made of 
single-phase short circuits. In the future, the treat- 
ments of other characteristics, including polyphase 
short circuits and the torque existing under short- 
circuit conditions, may be given. 
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and 


in the open phase, and for voltages across external reactances in the 
armature and field circuits. Comparison of calculated and test 
curves for these quantities are shown in Figs. б to 8, for а 7000-kv-u. 
876 rev. per min. salient pole alternator, and in Figs. 11 to 26 for a 
20-hp. 1800-rev. per min. induction machine (cylindrical rotor). 
These show satisfactory agreement. 


The form of the results is interesting and instructive. The | 
short-circuit currents are expressed, as in equation (9), as the sum 
of two series, one of odd, the other of even, harmonics, in which 
the magnitudes of the harmonics, in ascending order, are in geomet- 
ric ratio. The value of that ratio is 

у LQ’ — X4zp' 

V Zo! + VI’ 
where Zp and хо are transient reactances in the direct and quadra- 
ture axes. 

The effect of salient poles in reducing the relative magnitude of 
the harmonics with respect to the fundamental in the short-circuit 
current ts clearly shown by the equations. This is important both 
in connection with the calculation of mechanical forces, and of the 
voltage induced in the open phase during single-phase short circuit. 
It is shown that although this voltage may be 15 or 20 times normal 
in a laminated, cylindrical rotor machine without amortisseur 
circuits, it may be only 2 to 4 times normal in a salient pole machine. 
An amortisseur winding greatly reduces it in either case. 

The fundamental component of this voltage across the open phase 
is shown to be approximately equal to (1 + b) times the voltage 
before short circuit. 

The mathematical work and definitions are in Appendizes as 
follows: 

Summary of equations. 

Armature current. 

Field current. 

Voltage across external reactance in armature circuit. 
Voltage across external reactance in field circuit. 
Voltage across the open phase. 

Variation of armature inductance with position. 
Decrement factors. 

Reactances, definitions, and relations. 


b= 
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Certain special cases of short circuits have been 
treated previously. Following the early work by 
Steinmetz! and Berg, Boucherot? presented his classical 
paper in 1912, dealing with alternators of the laminated, 
cylindrical rotor type, with and without amortisseur 
windings. In 1915 Diamant‘ reviewed the work of 
Berg and Boucherot, and, among other mathematical 
extensions, gave expressions for the envelope of the 
short-circuit current. In 1918 he presented an analysis 
of sustained short circuits, dealing principally with the 
nature of flux distribution under that condition. In 
the same year»a опе of the authors proposed the use of 
the Constant Linkage Theorem in dealing with short 
circuits, and in 1921°> and 1923% illustrated its use. 
Also in 1928 Franklin® applied this method to a large 
number of cases of single-phase and three-phase short 
circuits. Working from the same fundamental prem- 
ises, Laffoon? solved additional cases in 1924. The 


457 


28-15 


458 


following year Karapetoff* analyzed, in the main, the 
same cases as those of Franklin and Laffoon; but he 
started from a somewhat different theoretical basis, 
3. €., from Kirchoff’s Laws. But he, like Franklin and 
Laffoon, neglected resistance, which made the funda- 
mental premises the same—since the Constant Linkage 
Theorem is merely a corollary of Kirchoff’s Second Law, 
for the special case of negligible resistance. That is, 
his equations involved voltages, instead of magnetic 
linkages, and were therefore the first derivatives of the 
corresponding equations in Franklin’s work. Involv- 
ing the same assumptions regarding the circuits, the 
results naturally also agreed. In 1923, Lyon! outlined 
a method according to which “certain low-frequency 
transient conditions in electric machinery may be 
analyzed by a vector method." From the vector 
point of view, first proposed by Dreyfus":'5:'* in 1912, 
the transient voltage or current may be represented by a 
series of vectors which shrink exponentially as they 
rotate. The thorough, mathematical treatments of 
cylindrical rotor machines both by Shimidzu and Ito® 
and by Biermanns,? in which the effect of resistance is 
approximately taken into account, are especially note- 
. worthy. All of the foregoing investigations have dealt 
with cylindrieal rotor machines; and, granting the 
simplifying assumptions which have appeared to be 
practically necessary, such as those made by Shimidzu 
and Ito, and Biermanns, relating to resistance and 
saturation, it may be said that a practical solution of 
short circuits for the cylindrical rotor type has been 
attained.* 


SCOPE 


These previous analyses, however, have not solved 
the important case of salient pole machines. The 
present paper treats the general case, including both 
types. Proceeding from the same basic point of view 
from which the authors’ previous work on Synchronous 
Machines **?* has been developed, the present treatment 
takes up single-phase short circuits and partial short 
circuits, 2. e., with external reactance in the armature 
and field circuits, developing expressions for armature 
current, field current, armature voltage across the open 
phases, voltage across reactance in the armature circuit, 
and the voltage across reactance in the field circuit. 
These expressions apply not only to salient pole 
machines, but also to the cylindrical rotor type, 
since under the present theory, the latter type merely 
becomes a special case of the former. Thus, the 
scope includes the development of expressions, appli- 
cable alike to salient poles and cylindrical rotors, for 
the voltage and current phenomena under single-phase 
short circuit. 


* After submitting the present manuscript, a copy of S. Bekku’s 
treatment of ‘‘Sudden Short Circuit of Alternator,” Bibliography 
12, has been received. This treats the case of the cylindrical 
rotor machine with a three-phase winding on the rotor, each 
rotor circuit being closed either directly or through the exciter. 
He employs ‘‘Heaviside” in the mathematical work. 
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Although the single-phase phenomena of three-phase 
machines only are considered here, the theory is, of 
course, applicable also to two-phase machines. 


DISCUSSION OF THEORY 


The four basic concepts underlying the improvement 
in theory, both as applied here and in the authors' 
previous work, are: (1) characterization of the machine 
by four reactance coefficients, two corresponding to the 
main pole axis, ?. e., direct axis, and two to the inter- 
These are xp, хр”, 
Хо, Хо’. (See notation. Thus the theory has been 
referred to, more or less aptly, as the “Four-Constant 
Theory.t 

2. Resolution of flux and m. m. f. waves traveling 
with respect to the rotor into stationary, pulsating 
components in line with the direct and quadrature axes. 
The theory involves also, of course, the usual Blondel 
resolution of the stationary fundamental waves. 


8. Thatthe variable component of armature induc- 
tance varies between the direct axis value and the 
quadrature axis value as a second harmonic function of 
the electrical space angle. This applies to all variable 
components of inductance which, with armature cur- 
rent of fundamental frequency, produce fundamental 
voltage. 


The general aspects of this premise should be care- 
fully eonsidered. In a salient pole machine, if the axis 
of the armature fundamental m. m. f. is not in line with 
either the pole axis or the interpolar axis, the resulting 
fundamental flux wave, of course, will not be in space 
phase with the m. m. f. wave; and therefore calculations 
involving the total waves would be very complicated. 
By symmetry, the flux wave will be in space phase with 
the m. m. f. wave producing it, if the latter is in line 
with either of these axes. The purpose of resolving 
the fundamental wave of m.m.f. along these two 
particular axes is thus to obtain component flux waves 


tThere are, of course, more than four. The four constants 
which characterize the machine under single-phase operation are 
not the same as the four which characterize it under polyphase 
operation. They are, however, of the same general nature, thus 
corresponding each to each, the chief difference being due to the 
mutual inductance between phases. Nor are the four constants 
the same for a line-to-neutral, as for a line-to-line, short circuit. 
Thus, there are twelve constants in this particular connection, 
and even some of these may be split up under special.conditions; 
for instance, where saturation exists, or where there are short- 
eireuited windings on the rotor in addition to the main field 
winding, ete. Moreover, in certain network calculations, it is 
desirable to use an additional constant, namely, the zero phase- 
sequence reactance. The positive phase and negative phase values 
are also used in the latter connection, but these are expressed in 
terms of the ‘‘four constants.” And, if one should include also 
the ealeulation of all the possible phenomena due to harmonies, 
the number of necessary constants could be extended almost 
indefinitely. Thus while it is correct to say that the machine, 
under single-phase or polyphase operation, is characterized 
under the premises of this paper by four constants, there are, all 
told, many more than four values of reactance to be considered 
in general. 
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in space phase with the respective m. m. f. components 
producing them. 

Now it is a mere incident of machine design that there 
is symmetry about the two axes mentioned, and that 
these axes happen to be 90 electrical degrees apart. 
But these facts underly the possibility of expressing the 
variation of armature inductance as a simple second 
harmonic, as in equation (3). For derivation of this, 
see Appendix G. 

Such a variation is shown to apply not only in the case 
where the field winding is open circuited, 7. e., to the case 
of pure reluctance symmetry of the rotor magnetic 
circuit, but also to the case of artificial reluctance sym- 
metry as produced by short-circuited rotor windings, 
such as the field winding. A short-circuited secondary 
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_ on the rotor merely increases the reluctance of the path 
of the armature flux; and in machines as ordinarily 
constructed, the artificial reluctance symmetry is about 
the same two axes as when the secondary windings are 
open-circuited, since the axes of the latter windings 
coincide with the direct and quadrature axes. See 
Fig. 1. 

There is also a relatively small component of armature 
leakage inductance, which varies as a second harmonic. 
Although this component is due to space harmonics of 
flux, it nevertheless produces a reactive voltage of the 
same frequency as the armature current. This has 
been considered by Karapetoffé^ and Arnold," its 
significance is fully discussed in Synchronous Machines, 
— 1,94 and its magnitude is given by Alger.1 

t‘‘Caleulation of Reactance of Synchronous Machines," 
by P. A. Alger, p. 493. 
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Thus, considering the variable components of induc- 
tance, it is permissible, under the premises, to regard the 
variation as a second harmonic of the electrical space 
angle, regardless of whether the variation i$ produced 
by the shape of the iron magnetic circuit, by short- 
circuited secondary windings on the rotor, or by both; 
and regardless of whether the variation affects the 
fundamental or the harmonie flux waves, so long as the 
reactive voltages produced by süch waves are of funda- 
mental frequency. Fig. 2 shows the variation of the 
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transient inductance of a 20-hp. machine, on which 
many of the tests described herein were taken. Curve 
A was taken under the condition of no saturation, and 
is practically a sine wave of double frequency, whereas 
curve B was taken under the condition of partial 
saturation, and departs considerably from a sine wave— 
thus containing significant even harmonics. Fig. 3 
shows the same curve for a four-pole, 15-k-va., 1800- 
rev. per min. salient-pole machine without saturation. 
Fig. 4 shows the curve for a 7000-k-va. machine. This 
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was obtained from an oscillographic record taken in 
connection with the “5р method.” f 

4. Thecompleteuse ofa fractional system of notation 
throughout the equations, thus expressing each quantity 
as a decimal fraction of some definite, convenient value, 
such as “normal” value. This is, of course, an out- 
growth of the familiar practise of expressing such 
quantities as à percentage of normal value, but the 
latter involves carrying along the “100” in calculations, 
which is both cumbersome and conducive to numerical 
error. Experienee has established a very definite 
preference for the former, the only difference between 
them, of course, being the position of the decimal 
point. Thus with wnty as the base, instead of “100,” 
it is proposed to denote the former by *'per-unit" 
system, instead of "percentage" system. 

The use of the ''per-unit" system has distinct 
advantages. In the first place, the results are-in forms 
which have a definite significance in giving at once an 
idea of relative values; for instance, a current of 0.5 
‘means 50 per cent of normal current. Another advan- 
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tage is that cumbersome conversion factors are thus 
eliminated. For instance, as per-unit quantities, cur- 
rent is taken as numerically equal to the m. m. f. of 
armature reaction, and voltage, at normal frequency, 
as numerically equal to the magnetic linkages which 
produce it, and in many cases, as noted below, reactance 
as numerically equal to inductance. It should be 
mentioned that іп equating per-unit current to per-unit 
armature reaction, or per-unit linkages to per-unit 
voltage or field current, dimensional relations are not 
disturbed, because all values are ratios; 2. e., all val- 
ues are numeries. Conversion factors thus become 
unnecessary. 

At some risk of confusion, attention is also called to 
the fact that, according to the definitions, reactance and 
inductance, as per-umit quantities, become identical 
numerically in many special cases where the reactance 
is based on fundamental frequency. Reactance is still 
reactance, and inductance is still inductance; but with 
each expressed as a ratio, ?. e., as a numeric, they 
become, by definition, numerically equal under the 
special condition referred to. The definitions are: 


{бее R. H. Park & B. L. Robertson, p. 514. 


per-unit inductance for the nth harmonic ts the ratio of the 
nth harmonic linkages, produced by an nth harmonic 
current of normal value, to normal linkages. And, per- 
unit reactances for the nth harmonic is the ratio of the nth 
harmonic reactive voliage due to an nth harmonic current 
of normal value, to normal voltage. Thus, if 1 is the 
circuit inductance, 2, | gives the per-unit linkages due 
to the nth harmonic current 1,, and 2, z, gives the corre- 
sponding per-unit reactive voltage. For the funda- 
mental component of current 1, 
| $z = 44 
provided all of the linkages due to 2 produce voltage of 
fundamental frequency; and if so, x = l. But this is 
not always so. If the inductance І is constant, the 
linkages must be proportional to the current (under the 
premises), and the fundamental current could not 
produce any but fundamental linkages; but if J is a 
function of time, as it is during rotation, a current of 
one frequency may produce linkages of another fre- 
quency. For instance, the fundamental component 
of current in the armature may produce 5th harmonic 
(in time) linkages in the armature. But the reactive 
coefficient x for the fundamental would not, by defini- 
tion, include these linkages; it would include only those 
of fundamental frequency. Thus, as defined, the 
per-unit reactance for the fundamental, and the per-unit 
inductance become numerically equal when / is con- 
stant, and the voltage across the inductance, regardless 
of the character of the current, is given by 
di at 
DN TNCS 


However, for rotation, the voltage is given only by 
a 
e= a, C” 


In other words, the only difference between per-unit x 
for the fundamental, and per-unit l, is the difference 
between the total linkages produced by the funda- 
mental current ?, and that component of the total 
which is of the same frequency as?. Hence when there 
is no difference, that is, when the linkages are at all 
instants proportional to the component of current 
under consideration, x and і may be taken as numeri- 
cally identical. 

So, considering the system of notation as a whole, 
although it may possibly be a bit confusing at first, it is 
nevertheless sound, has very great advantages in simpli- 
fying equations, and in giving an added significance to 
the results, and is time-tried; 7. e., has proved its value 
over years of day-to-day practical use in the solution of 
complicated problems. 

The four basic concepts outlined in the foregoing 
paragraphs, afford the basis for symmetrical, relatively 
simple, and very interesting expressions for the voltage 
and currents under single-phase operation. It has been 
possible in this way to take into account, without undue 
mathematical complication, the predominating factors 
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of the problem, and therefore to obtain a very satis- 
factory agreement between calculated and test results, 
as may be seen by reference to Figs. 11 and others 
which follow. 


These extensions in theory have required not only 
additional characteristic machine constants, as already 
mentioned in a footnote, but also have made it neces- 
sary, in order to avoid confusion and misunderstanding, 
to classify and more carefully define them. In the 
early days, a synchronous machine had a reactance; 
now it has many. Moreover, our ideas about some of 
the well established terms, for instance, armature leakage 
reactance, and field leakage reactance, have needed 
some revision. As a rough illustration in connection 
with the general situation; in running а polygonal 
boundary, an error in the length or bearing of one 
of the sides is not so apparent, unless it becomes 
necessary to 'close" the polygon. Тһе error is merely 
passed on the next side, letting the end whip about as 
oecasion may require. In synchronous machines, it 
was formerly necessary to “тип” only one or two sides; 
now, with the necessity of calculating practically all of 
the electrical characteristics, we must “close the 
polygon." So, an orderly classification, description 
and careful definition of terms is quite in order, as is 
also the presentation of methods of calculating some of 
these factors. The former is given in a companion 
paper by R. H. Park and B. L. Robertson; and the 
latter, by P. L. Alger. 


Returning to the general aspects of the theory, 
consider now the distinguishing differences between the 
present treatment and those already referred to, which 
have preceded it. Boucherot’s work is the outstanding 
early contribution on the subject. Others have 
attacked essentially the same problem in different and 
perhaps more convenient ways, and have made note- 
worthy extensions. But they, like Boucherot, have all 
treated cylindrical rotor machines only, whereas the 
present investigation has dealt with the general case 
including salient pole machines, the cylindrical rotor 
type thus becoming merely a limiting case. It may be 
of interest, therefore, to draw some specific comparison 
relating to the differences in fundamental premises, and 
hence also in the resulting equations. 

There are two fundamental assumptions which 
distinguish the general treatment from that of cylindri- 
cal rotors. The first relates to the character of the 
total armature self-inductance; Boucherot’s L, the 
authors’ £p and Фо. In the cylindrical rotor theory, 
this inductance is assumed to be constant with respect 
to position—in other words, that the air-gap is uniform; 
in the present theory, it is assumed to be variable,* 
as it actually is in salient pole machines. In the limit, 
when there is no variation, that is, when £p and Le are 


*'The total variable component comprises not only the variable 


term of the inductance of armature reaction, but also the small - 


variable term of armature leakage inductance. 
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equal, the equations then apply to cylindrical rotor 
machines, 

What difference does it make in the results if that 
inductance is assumed to be variable? It makes а large 
difference in the relative magnitudes of the fundamental 
and harmonics, and thus also in the ratio of the ampli- 
tude of the fundamental to the peak value, both in the 
short circuit current, and in the open phase voltage. 
One important result of the theory is that the peak 
value is the same for salient poles as for cylindrical 
rotors, when the transient reactance, direct axis, is the 
same. Thus equations (18b) and (19b) show, as indi- 
cated graphically in Fig. 9, that the peak is independent 
of xq’. The magnitudes of the harmonics and of the 
fundamental are very important, both in determining 
mechanical stresses and angular vibrations, and also in 
determining the voltage in the open phase and across 
external reactance. These are greatly affected by 
salient poles, and can be predetermined with practical 
accuracy from the present theory. But they obviously 
cannot be correctly calculated from cylindrical rotor 
theory based on the assumption of constant total 
inductance with respect to rotor position. 

The second distinguishing premise is that there are 
two rotor windings, one in each of the conventional 
axes, and having different constants. It is thus possi- 
ble to take into account, at least in an approximate 
way, the effect of any short-circuited winding which 
may exist in the quadrature axis, such, for instance, as a 
non-uniform squirrel-cage winding, as used in laminated 
cylindrical rotors, or in salient-pole machines, and also 
such as massive steel rotors in which the transient 
reactances xp’ and хс are different. And if there are 
actually only two distinct rotor circuits in the two axes, 
even though they have different constants, the theory is 
completely applicable. Moreover, for a special case of 
cylindrical rotor in which there are two rotor windings 
at 90 deg., 7. e., one in each axis, and also in which 
хь” > Xo’, the characteristics can not be calculated, so 
far as the authors are aware, by the previous cylindrical 
theory. But they are easily calculated and analyzed 
by the present theory. This is illustrated by reference 


to Figs. 18, 14, and 15, which apply to such a case. 


These are explained under “Results.” Thus, the 
second distinguishing assumption broadens the appli- 
cation of the theory over the previous theory, even in 
the case of cylindrical rotors. 


ASSUMPTIONS 


1. Negligible saturation. This is, of course, not true 
practically. However, as mentioned in Synchronous 
Machines—III, this does not prevent the use of the 
results in cases where saturation is present, by judicious 
shading of the constants, or by shading the calculated 
results with respect to the degree and distribution of 
the saturation; remembering, however, that the method 
thus applied is an approximation. 


2. The open-circuit voltage is a sine wave. This is 
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practically true of most modern alternators. The 
combined effect of coil pitch, distribution of the wind- 
ing, Y-connection, and perhaps "fractional slot" wind- 
ing, practically eliminates all harmonics in the voltage 
wave. So this assumption is reasonably correct for 
most synchronous machines. The only significant 
practical departure might be in the case of the line-to- 
neutral voltage of à machine with a relatively small 
number of full pitch coils per pole, in which case there 
might be a significant third, and possibly other odd 
harmonics. 

9. The machine has a short-circuited rotor winding in 
the quadrature axis, as well as the main field winding in 
the direct axis. (See Fig. 1.) 

4. Resistance of the armature and field circuits 1s 
neglected in calculating the magnitude of the initial short- 
circuit current; and the armature resistance, in calculating 
the magnitude of the sustained current. But both resis- 
tances are taken into account in the decrements. The 
effect of resistance in the impedance is usually insignifi- 
cant, but its effect on the decrement is, of course, very 
pronounced. Indeed, there would be no decrement 
without resistance. 

5. Тһе machine 18 short-circuited at no-load. A sug- 
gested extension of the theory is to take into account 
the relatively small effect of load current. 


FUNDAMENTAL EQUATIONS 


The general plan of attack and the general considera- 
tions leading up to the fundamental equations will be 
discussed here, and the final equations will be derived 
in the Appendix. 

Superposition is used in obtaining the initial values 
of armature and field current. The plan is first to find 
a general expression for the magnetic linkages of the 
armature winding, due to any transient armature cur- 
rent, and with no field current except that induced by 


the armature current; and then to determine the arma- 


ture linkages due to any other current in the field 
winding, and superpose these to find the resultant 
value of armature linkages. Under short circuit, and 
neglecting resistance, the latter value of linkages must 
be equal to the known value existing at the instant of 
short circuit.* These relations are sufficient to solve 
for the initial armature current 2. 


The initial value of field current is obtained by 


adding the component induced by the armature wind- 
ing, to the steady value existing the instant before short 
circuit. - 

There are certain components of the initial current 
which are known to be transient. These, as a function 
of time, are obtained by multiplying the individual 
transient components by the appropriate decrement 
factor. 


The sustained values, of course, comprise those 
components which exist after the transients have disap- 


“Constant Linkage Theorem. See Bibliography 9c. 


peared, and are thus nee by setting the transient 
terms equal to zero. 

The decrement factors are obtained by an approxi- 
mation. It seems to be well nigh hopeless, as a practi- 
cal matter, to take into account rigorously the armature 
and field resistances in the general case, but it happens 
fortunately that it is possible to obtain results which are 
sufficiently accurate for any practical purpose, by 
making simplifying assumptions. 

Before stating these specifically, the physics of the 
transient currents will be briefly considered. When the 
armature winding is short-circuited, the magnetic flux 
linked with the closed field circuit can not change signif- 
icantly in the first moment, yet, since it can not now 
enter the short-circuited armature winding, it is forced 
by the demagnetizing action of the armature currents, 
to pass through paths (the leakage paths) of greater 
reluctance; that is, the short-circuited armature is 
equivalent to an increased magnetic reluctance. Hence, 
an additional current must appear in the field circuit in 
order to sustain the flux in those new paths, and this 
spontaneous additional direct current, being unsup- 
ported by the exciter voltage, 15, of course, transient in 
character; that is, the voltage which supports it through 
the resistance of the field circuit, is generated by the 
decay of the flux through that circuit. Considered 
thus, the problem of determining the transient becomes 
practically identical with that of determining it for the 
simple inductive circuit, namely, to obtain the simple 


; 
decrement factor En in which r is the resistance of the 


circuit through which the transient flux is decaying, and 
L is the total circuit inductance defined by the ratio of 
the total linkages of the circuit, to the current required 
to sustain them, this decrement factor being applied to 
the transient component of current. This general view 
of decrements was presented by one of the authors? in 
1918, and is essentially the same as that used by 
Biermanns. 

How does armature resistance affect the field decre- 
ment factor? From the limit of zero armature resis- 
tance, on the one hand, for which all flux linkages are 
foreed into the high reluctance leakage paths, to 
infinite resistance on the other, that is open circuit, 
under which condition none of the flux is forced out of 
the normal magnetic path of relatively low reluctance, 
there are, as far as the field transient is concerned, all 
possible intervening values of effective reluctance and 
corresponding inductance. Thus, the effect of arma- 
ture resistance on the field transient may be taken into 
account in the field decrement factor by appropriate 
modification of the inductance. This is done when that 
resistance is large enough to affect significantly the value 
of the direct axis component of armature current. It is 
rarely necessary to do this, but when it is, it is a much 
easier task than to attempt a rigorous solution, which, 
to the author’s knowledge, has been obtained only in the 
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special and limited cases treated by Biermanns, 
Shimidzu and Ito,? and Bekku.?? 

The same general argument may be applied to the 
effect of field resistance upon the armature decrement 
factor, that is, with respect to the transient flux linkages 
which are “trapped” in the short circuit armature 
winding. 

Thus, the approximation is made that, unless the 
armature resistance is large enough to become signifi- 
eant in the impedance, :. e., large enough to affect the 
demagnetizing current in the direct axis, it is neglected 
in the field decrement factor; and when it is taken into 
account, this is done by an appropriate modification of 
the inductance. And under similar limitations, the 
field resistance is neglected in the armature decrement 
factor. 

The field decrement factor is applied to the induced 
direct component of current in the field, and to all other 
phenomena which depend on that current in direct 
proportion, such as the transient alternating component 
of current in the armature, and the armature circuit 
voltages which are due to the latter. And likewise the 
armature decrement factor is applied to the d-c. 
component in the armature and to all other phenomena 
which thus depend upon it, such as the transient a-c. 
component in the field circuit, and the voltages which 
are due to the latter. For the derivation of decrement 
factors see Appendix H. 


The armature decrement factor is, 
T 


у ttp! Xa’ 


(1) 


Са = 


and the field decrement, 


tp + у xp’ XQ’ 
f= у 100 (2) 
XD + V Хр XQ 
where со is the decrement factor of the field corre- 
sponding to total field self-inductance. 

Another item for consideration is the voltage across 
an external inductance in either the armature or field 
circuit. This is found by differentiating the particular 
current with respect to time, and taking the product 
of this by the external inductance coefficient. These 
voltages are derived in Appendixes D and E. 

Still another is the voltage across the open phase of a 
three-phase machine during short circuit of one of the 
phases. This is determined by first obtaining an 
expression for the linkages with the open phase in 
question, and differentiating this with respect to time. 
This is given in Appendix F. 

Turning now to the details of the fundamental 
equations, refer to Fig. 14. If a transient current t is 
caused to flow in the armature winding in the position 
shown, that is, with the direct axis and the armature 
winding axis coinciding, a eurrent will, of eourse, appear 
in the field winding which is short-circuited either at 
the terminals or through an external inductance. 
Thus, fluxes will be produced in the leakage paths of 
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both the armature winding and the short-circuited field 
winding. Corresponding to these fluxes there will be a 
direct static transient inductance £p' and corresponding 
reactance Xp’; similarly, when the quadrature axis is 
lined up with the axis of the armature winding, as in 
1B, there will be a quadrature static transient inductance 
lo and corresponding reactance хо’. For any other 
position, as in 1c, the inductance will vary, as pre- 
viously shown, between zp’ and хо’ as a second 
harmonic function of the angle y between the armature 
winding axis and the direct axis. Thus 
V = -2- [ (o + Ig’) + (œ — Ia’) cos2 y] 
Or, since хр’ and ха’ are “static”? values of per-wnit 
reactance, they may be taken, as already explained, as 
equal to the corresponding inductance. Hence, 
1 
l = —у— [(ap! + aq’) + (xo' — 29) cos2 y] (3) 
Let the transient armature current be due to a single- 
phase short circuit occurring during rotation at uni- 
form speed, and at the instant when the direct axis is 
displaced from the armature axis by the angle a. 
Counting time from this instant, the angle у becomes a 
function of time. 
y=tt+a (4) 
Therefore, any transient current, ?, which exists at 
any time f, will produce the following flux linkages with 
the armature winding, 


1 
y;—-li- DE [(xp^ + te’) + (xp' — XQ’) cos 2 (t + @)] 
(5) 


The current existing in the field winding before 
short circuit, would produce in the open circuited 
armature winding at any time ¢ the alternating mutual 
flux linkages, 


Ym = k eo cos (t + a) (6) 


where e, represents the peak voltage, line-to-neutral, 
generated before short circuit, and therefore also the flux 
linkages; and since on open circuit, terminal voltage is 
also nominal voltage, e; also represents the correspond- 
ing field current. k is a factor whose value depends 
upon the nature of the short circuit, ?. e., whether line- 
to-neutral or line-to-line. Thus, k = 1.0 for line-to- 
neutral, and 1.73 for line-to-line. 
The sum of (5) and (6), must equal the linkages 
ane at the instant before short circuit, namely, 
Ym = k egy cos x (7) 
'The above relations determine the total armature cur- 
rent, as derived in Appendix B. 
The total field currents are given by 
Та = ез = её + Aea | 
= е, = Ле, 


(8) 


where e, represents direct nominal voltage, and therefore 


and 
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also the total field current in the direct axis winding, and 


A еа the increment induced by the transient armature | 


eurrent. Similarly, Ae, represents the increment 
induced in the quadrature axis winding. It is assumed 
that the only quadrature component is the induced 
current. The field current is derived in Appendix C. 


RESULTS 

The foremost result is the method of analysis which 
makes possible, in a practical way, the calculation of 
transient phenomena in any synchronous machine, 
regardless of whether it is of the salient pole or the 
cylindrical rotor type. The equations thus derived 
have made it possible to calculate complicated transient 
characteristics which check, in minute details, with the 
oscillographic records of tests; and these equations have 
revealed a number of important and very interesting 
facts relating to the form of the current waves, the 
resulting possibility of relatively simple analysis of the 
waves, and the induced voltage in the open phase during 
single-phase short circuit. A summary of equations 
is given in Appendix A. 

Referring to the short-circuit current waves, the 
current is expressed as the sum of two harmonic series, 
one of odd, the other of even, harmonics; and the 
magnitudes of the harmonics in each series, in ascending 
order, are in geometric ratio. Thus, the single-phase 
short-circuit current of the armature is 


. k ey cos a 
j= AES (D 20cos2 (@ +) 
№ Lp’ 
meon а) + 2 0 соѕб6 (+ ао) +... .] 
CAE SATIS leos (t + a) +%е%8@ + a) 
Хр’ + VZp'z 
кыйыл E ке др] (9) 
The geometric ratio b is given by 
М tq! — Vv tn’ 
(0 V Xe! + vV o 


where xg’ is the transient reactance in the quadrature 
axis, and xp’ the corresponding quantity in the direct 
axis. 

For instance, a 7000-k-va., 375-rev. per min., 25- 
cycle, 2200-volt salient-pole machine of usual construc- 
tion has the following constants.* 


*It should be remembered that these constants represent the 
static transient linkages (or, at normal frequency, the correspond- 
ing reactive voltage) as a fraction of normal linkages, line-to 
neutral, (or, at normal frequency, the line-lo-neutral normal 
voltage). The values given look high compared with the usual 
three-phase values, because they are line-Lo-line constants. If 
the line-to-line voltages were taken as the per-unit base, instead 
of line-to-neutral, the values would be divided by уЗ. Also, 
the corresponding line-to-neutral, three-phase values would be 
just one-half the values given. See companion paper by Park 
&nd Robertson regarding the relations between three-phase and 
single-phase constants. 
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Lp’ = 0.4 
= 1.0 
b 0.28 


In this machine, the 3rd harmonic in the short-circuit 

current would be 28 per cent of the fundamental, the 

5th 23 per cent of the 3rd, the 7th 23 per cent of the 

5th, and soon. Likewise for the even harmonics. The 

total wave, both calculated and tested, is shown in 

Fig. 5 for armature current, and Fig. 6 for field current. 
As an extreme case, 


Lp’ = 0.21 
XQ’ = 3.77 
б = 0.618 


These constants apply to an actual induction machine 


with a coil wound ѕесопдагу.ї The armature is three- 


phase, the rotor two-phase; the latter, in this particular 
case, being connected two phases in series with direct- 
current excitation. The machine is rated 20-hp., 1800- 
rev. permin., 60-cycle, 110-volt. For convenience, 
the per-untt quantities are based on 10-kv-a., three- 
phase, 57.7-volt line-to-neutral. 


With the rotor winding thus connected, the harmonics 
are relatively 2.67 times as large as in the previous case 
of the 7000-kv-a. salient-pole machine. The waves of 
current, both calculated and test, are shown in Figs. 
11-18, for the armature current, Figs. 16-18 for the 
field current. 


It is interesting to note that if b — 0, that is if 
Хр’ = хо’, all harmonics disappear, and the current 
wave changes from the peaked wave in Fig. 13 to 
approximately a sine wave, asin Fig. 14. The values of 
Хр’ and хо’ were made practically equal by short cir- 
cuiting one of the two rotor phases, and exciting the 
other, keeping the external impedance of the latter as 
low as possible. 


Going a step further, хр’ can be made greater than x’ 
by placing external inductance in the field winding 
which is excited, ?. e., the direct axis winding. In this 
case the sign of the harmonics is reversed, 7. e., b becomes 
negative, thus giving a dip in the wave. This is shown 
in Fig. 15. 

Referring again to equation (9), it is interesting to 
consider how limiting values of b modify the shape of the 
current waves. The first series, 7. e., even harmonics, 
has the general form shown in Fig. 9А. The second 
series has the general form shown in Fig. 9B. The total 
current, the sum of the two series, has the general 
form of Fig. 9c. 

Now if zp’ and xg’ are equal, b becomes zero, and all 


tThis machine was chosen with the two points in mind; one 
was that our premises should be closely approximated; the other, 
that it was desirable, in the interest of an exacting test of the 
theory, to employ extreme limits in reactance coefficients thus 
involving harmonics of large magnitude, which harmonics, 
nevertheless, would be capable of control by different connections 
of the windings, and by variation of constants in the external 
circuits. 
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Fie. 5—бімогЕ-РнАЅЕ Line то Ілме Ѕновт Circuit АТ а = 55 Dea., 7000-Kv-a. MACHINE 
| Equation:— 
A—Test curve of armature current | | 0.59 өн 0.358 cos ({ + 55°) 
B—Test curve of open-phase voltage ! = 14 —0.6 cos (21 + 1109) © ^ 14 — 0.6 cos (2t + 110°) 
C—Calculated curve of armature current with test points indicating 
^ 1.4 — 0.6 cos (2! + 1109) © 
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Fic. 6—SriNGLE-PHasE Line-To-Line SHort CIRCUIT ata = 55 Dea., 7000-Kv-4. MACHINE 
A—Test curve of field current | 
B—Test curve of open-phase voltage à 0.624 [3.24 + 1.24 cos (27 + 1109)] 
O—fTest curve of voltage across external reactor in field circuit 1.4 — 0.6 cos (21 + 110°) 
D—Oalculated curve of field current with test points indicating the ies 
peaks 
Equation:— 1.109 [3.24 + 1.24 cos (2 f+ 110°)| eem 


0.364 cos (t + 55?) 1.4 — 0.6 cos (2 £ + 110?) 
e -0-01108f 


[ome i Чуб соз (21 + 110°) 
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harmonics vanish, as already indicated. Taking a = 0, 
the first series then reduces to only a d- c. component of 
an amplitude 
г k eo 
$9 = = (10) 
/ хр’ Zo! 
And the second series then contains only a fundamental 
term of amplitude 
: 2k Co 
u = — re (11) 
Lp’ + У Xp' Xa 
However, if хо’ is increased until it is very large 
compared with хр’, b will approach unity—that is, all 
harmonics will approach equality—and the three waves 
shown in Fig. 9, will approach respectively those shown 
in Fig. 10. The value of b for the 20-hp. induction 
machine is very high compared with usual machines, 
but its value of 0.62 is considerably below unity. Yet, 
Ше current wave in Fig. 11 indicates a definite approach 
to Fig. 10c. In the first four cycles, that is, up to 
t = 87, the peaks of the component corresponding to 
Fig. 10A slightly predominate over those of the com- 
ponent in Fig. 10B. But the former, being subject 
to a more rapid decrement, become less after the fourth 
cycle, and the little resultant “tip”? reverses direction. 
Note that the calculated wave in Fig. 11 checks the test 
perfectly in this detail. 
. Another interesting and useful feature of the expres- 
sions for short-circuit currents is that they open up new 
possibilities of analyzing the current waves. In addi- 


tion to the relations shown in Fig. 9c and Fig. 10c, and. 


the expression for the fundamental component of 
current in equation (10), it is shown in Appendix B 
that the r. m. s. value of the first series, ?. e., even har- 
monics, of equation (9), is 
k 
i= €o COS & 1 + 0 (12) 
у Lp’ XQ’ 1— b 
and of the odd harmonics 
2ke 1. | 
бле маб: (13) 
tp’ + V xp’ XQ’ V1- 6 
Since equation (11) gives the amplitude of the funda- 
mental term, it follows that the first fraction in (13) 
is the r. m. s. of the fundamental. Hence the r. m. s. 
of the whole odd harmonic series is different from the 
T. m. s. of the fundamental by the factor 
NAE ee 
№ 1 — 8 
This is usually not significantly different from unity, 
and hence an ammeter reading will be approximately 
the fundamental. For instance, b = 0.5 would be an 
extremely high value for any commercial synchronous 
machine. The corresponding value of the factor is 1.15. 
However, a representative value of b might be 0.2, for 
which the corresponding ratio is 1.02; that is, the 
ammeter would read 2 per cent more than the funda- 
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mental. Hence this might be a useful approximation. 

Another possibility of convenient analysis of the 
oscillograph current wave is afforded by the fact that, 
with the harmonic ratio 5, if one harmonic in each series 
is determined, all of them are known. The convenient 
relations exist that the peak value of the odd harmonic 
series is 1/(1 — b) times the peak value of the funda- 
mental component, and the peak value of the even 
harmonic series is (1 + 5)/(1— b) times the direct 
current component. It is shown in Appendix B that 
since the three quantities—fundamental current ї%, 
direct-current component t, and the harmonic ratio b— 
completely determine the wave, it can be analyzed by 
scaling off three current values from the oscillogram at 
(t + a) = 45 deg., 90 deg., and 180 deg. 

So much for the results regarding short-circuit 
current. Turning now to the next major point in the 
results, the equations show that under single-phase 
short cireuit the peak voltage across the open phase may 
be extremely high; many times normal in cylindrical 
laminated rotor machines without amortisseur winding. 
This voltage depends upon a very simple relation, 
namely the ratio of хо’ to Xp’. Thus, for a short circuit 
at a = 0—that is, at maximum flux enclosure or 
maximum flux linkages —the ratio of the voltage across 
the open phase after short circuit (initial value) to the 
peak voltage before short circuit is | 


Lo’ . 
Po = (2287-1) sing (14) 
Xp 


and for short circuit at zero flux linkages, 7. e., о = 7/2. 
А 


рт/2 = aer sin 8 (15) 


where 8 is the angle between the axis of the short- 
circuited winding, and the axis of the open-circuited 
winding considered. 

Thus, as an extreme case, consider the 20-hp. ma- 
chine. Here the short circuit was line-to-line, and the 
voltage recorded was across the open phase line-to- 
neutral. Thus 8 = 90 deg. The ratio for maximum 
flux linkages (œ = 0), therefore, is, 

3.77 4 

p=205,-1 = 34.9 
Reference to Fig. 19 will show that this initial value, of 
over 34 times the voltage before short circuit, was 
obtained. The transient, of course, reduced the value 
of the first peak to obtain 28 times the value existing 
before short circuit, which value is also shown on the 
calculated wave. 

When хр’ = хо’, the maximum voltage for the case 
considered is unity. 

Turning to the test on the 7000-kv-a. salient-pole 
machine, the short circuit was line-to-line, and the open- 
phase voltage recorded was also line-to-line. Thus 
B = 60 deg., and from (14), 
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p = 3.46 fora = 0 
p = 2.16 fora = 1/2 


These are limiting values. In the test, the short circuit 
occurred at a = 2.2 (i. e., about 125 deg.) and therefore 
the peak should fall between those indicated by the 
above values of p. Using œ = 125 deg. (or, for con- 
venience, the corresponding value, 55 deg.) in the 
equation of Appendix F, the calculated wave Fig. 7 


and 


2 
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phase short circuit may rise to a peak value many times 
the value existing before short circuit. It varies almost 
directly with the ratio xq’ to zp'. Hence, it would be 
extremely high—possibly 15 or 20 times normal voltage 
—on a cylindrical, laminated rotor machine without a 
squirrel-cage or metal wedges, serving the same pur- 
pose; but is practically no greater than normal when 
Zo! = X'p asin a machine which has an amortisseur 
winding or massive steel rotor. Most of the cylindri- 


AAA 


| TIRE 


7—CALCULATED CURVE OF TRANSIENT OPEN-PHASE VOLTAGE, SINGLE-PHASE. LINE-TO-LINE, SHORT CIRCUIT AT 


a = 55 Dec., 7000-Kv-a. Macuine. (For Test Resutts REFER TO Еа. 5B.) 


3 
Fic. 
Equation:— 
10.35 — 0.3 cos (21 + 170°)] sin (2 £ + 110?) 
pom 2.38 p free ——— a 


1.4 — 0.6 cos (2t + 110°)? 


1.194 sin (21 + 170?) 


— -0.01168£ -0.00272% 
1.4 — 0.6 cos (2 £ + 110°) |“ + (1 + 1.77 є ) 


0.746 sin (21 + 170) cos (t + 55) 


| Кы ЕИО a ae eas Q1 4 1105 


[0.35 — 0.3 cos (2 ¢ + 170°) ] sin (£ + 55°) 


24 1.4 — 0.6 соз (2/ + 110°) 


1.49 [0.35 — 0.3 cos (21 + 170°) ] sin (2 £ + 110°) cos (£ + 55°) 
[1.4 — 0.6 cos (21 + 110°) f? 


Г * М V V МА E AAA AY 


Ес. 


Equation :— 
| 0.0425 cos (£ + 55°) + 3.64 sin (t + 559) 
e = ee a "c a Oe ag ean en — 


1.4 — 0.6 cos (2? + 110°) 
o o 
4.37 cos (t + 55°) sin (2 £ + 110°) | Em 


(1.4 — 0.6 cos (21 + 1109)? 
was obtained. The calculated first peak is 2.73 times 
the peak voltage before short circuit, and the corre- 
sponding test value, 2.97. The calculated value is thus 
less than the test by 8 per cent, which is a reasonable 
check, considering the probable error in scaling the 
angle from the oscillogram, and that due to the simpli- 
fying assumption made in Appendix F. And it will be 
noted that the shape of the curve checks satisfactorily. 
Thus, the voltage across the open phase during single- 


f 1.55 sin (2 £ + 110°) 
| 1.4 — 0.6 cos (2 / + 110°) 


8—TRANSIENT VOLTAGE Across AN EXTERNAL REACTOR IN THE Fietp CIRCUIT, SINGLE-PHASE LINE-TO-LINE 
SHORT CIRCUIT AT a = 55 Dec., 7000-Kv-a. MACHINE. 


(For Test ResuLTs REFER To Ес. бс.) 


0.75 sin (2 £ + 110°) [3.24 + 1.24 cos (2 £ + 110°)] 
+ [1.4 — 0.6 cos (2¢ + 110°)]? 


2.75 sin (2{ + 110°) 
1.4 — 0.6 cos (21 + 110°) 


1.33 sin (2 ¢ + 110°) [3.24 + 1.24 cos (2¢ + 110°)] ¢70-00272 
+ [1.4 — 0.6 cos (2 £ + 1109? 


eal rotors in usual practise have one or the other of 
these features. In salient-pole machines, the ten- 
dency toward this high voltage is less, because zp’ is 
relatively higher, and xq’, on account of salient poles, is 
relatively lower than in cylindrical rotor machines; but 
as shown in the foregoing actual illustration, the peak 
voltage, even in this case, may be from 2 to 3.5 times 
normal. A very important point to observe in this 
connection is that this high voltage across the open 
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phase is due, not to high flux density, but.rather to a 
high rate of change, and hence saturation would not 
limit it, unless by tending to equalize xp’ and XQ’. 

Boucherot? called attention to the possibility of high 
voltage across the open phase, and to the favorable 
effect of an amortisseur winding in reducing it. The 
value of the present treatment in this connection is that 
the equations, in addition to being generally applicable, 
show the very significant extent to which salient poles 
reduce this voltage. 

It may be of practical importance to know the value 
of the fundamental component of the open phase 
voltage. The ratio of this to the voltage existing across 
the open phase before short circuit is given approxi- 
mately by the simple form (see Appendix F), 


pi=1+6 
М\®е'— V їр’ 
V tq’ + V tp! 
For instance, in the case of the 20-hp. machine, Fig. 


19, p; would be 1.628; and in the salient-pole machine, 
Fig. 7, for corresponding conditions, 1.23. 


COMPARISON OF CALCULATED AND TEST RESULTS. 


Calculations and tests were made on the two machines 
already referred to, namely, a 20-hp., 1800-rev. per 
min., 60-cycle, 110-volt induction machine, and a 
7000-kv-a., 375-rev. per min., 25-cycle, 2200-volt 
salient-pole alternator. The four major per-wnit coeffi- 
cients (measured) for the 20-hp. machine, on the basis of 
10 kv-a., three-phase, 57.7 volts line-to-neutral, are: 


where b= 


Хр = 3.77, хр’ = 0.21, хо = 3.77, xo! = 3.77 
The auxiliary coefficients are: 
LAD = 3.64, Lap’ = 0.076, ZAQ = 3.64, XAQ' = 3.64 


с; = 0.182 ос, = 0.0474 
For the 7000-kv-a. alternator the corresponding 
per-unit coefficients based on 7000 kv-a., tores рине; 
1270 volts line-to-neutral, аге: 


хь = 2.24, хр’ = 0.40, х= 1.00, 
ХА” = 2.09, Lap’ = 0.25, Хло = 0.85, 
0; = 0.00272 с. = 0.0117 


A comparison of calculated and test results is shown 
in Figs. 11 to 25, inclusive, for the 20-hp. machine, and in 
Figs. 5 to 8 for the 7000-kv-a. machine. Each illustra- 
tion shows, | 


a. Calculated curve, from equations in Appendix А. 

b. Oscillograph record of test. 

с. Equation, with numerical values substituted,* 
from which the calculated curve was derived. 


The reason for making extensive tests on the induc- 
tion machine, excited by direct current as a synchronous 
machine, has been stated in the second footnote under 
“Results.” 


*These equations, being reduced for numerical calculation, 
are in a somewhat different form from those in the summary of 
equations in Appendix A. 


1.00 
0.85 


LQ! = 
Lag’ = 
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A careful inspection of each of the figures will clearly 
show a satisfactory agreement between the calculated 
and test curves, even with respect to the minute cetails. 
It will be noted that the decrements agree well. 

The ordinates of the curves, it will be remembered, 
are scaled as the ratio of the actual value of the quantity 
to the value taken as the per-unit base. Ordinarily, 
normal value is chosen as that base. In the present 
case, however, the base for the 20-hp. machine was 
taken as 10 kv-a., 57.7 volts line-to-neutral, thus mak- 
ing the per-unit value of reactance numerically the same 
as the value in ohms—merely as a matter of conveni- 
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B 
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ence. The normal values were taken as the basis for 
the 7000-kv-a. machine. These points should be kept 
in mind in reading the ordinates. 

In the case of the open-phase voltage during short 
circuit, Figs. 7 and 19, the ordinate gives the ratio of the 
voltage before short circuit to the voltage after short 
circuit. 

With reference to the 7000-kv-a. alternator, this 
machine has no closed circuits on the rotor except the 
main field winding and the massive steel of the rotor 
spider. The effect of the latter is probably negligible. 
The poles themselves are, of course, laminated. The 
tests were taken at a relatively low voltage—at 300 
volts; hence the premises were pretty closely approxi- 
mated, and consequently the calculated results agree 
closely with the tests. 


Feb. 1928 


In the case of the voltage across the field terminals, 
f. e., across the external impedance, the value of this 
impedance was not definitely known. Hence with the 
estimated value, the general shape of the calculated 
curve is all that may be expected to agree with the test. 
The calculated curve for this is shown in Fig. 8, the test 
curve in Fig. 6С. 
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Appendix A 
SUMMARY OF EQUATIONS 

In the first part of the paper, under “Scope,” it was 
stated that the present treatment develops expression 
for, 

1. Armature Current—Appendix B. 

2. Field Current—Appendix C. 
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3. Voltage Across Reactance in Armature Circuit— 


Appendix D. 

4. Voltage Across Reactance in Field Circuit— 
Appendix E. 

5. Voltage Across Open Phase—Appendix F. 
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These expressions are derived in the appendixes 
mentioned before, but for ease of reference, they are 
tabulated here. The order is as stated: First, the 
general equation for the quantity is given. Equations 
for special conditions follow readily from this. Thus, for 
the condition of maximum flux linkages at the instant of 
short circuit, о = 0; while for minimum flux linkages 
a = 7/2 and the armature decrement is absent. 
Steady state conditions are obtained by placing 
a = 7/2, and omitting the armature and field decre- 
ments. 

Since the equations are somewhat long it is found 
advisable to put them in a simpler form. By inspec- 
tion, it is observed that they contain small groups which 
are more or less common to all of the expressions. 
These few groups, therefore, may be represented by a 
single symbol, as follows: 


= (хр + XQ’) + (xp' — za!) cos 2 (t + a) 
= А + B cos 2 (t+ a) 

J = (xp' + zo) — (xp! — XQ’) cos2t 
= А — Beos2t 


tp’ us J хр’ Lo’ 


K —————— 
їр + V р’ XQ’ 
EN 2 
\ LQ’ 
Хр — Xp’ 
P = e RN 
to + V 2p’ XQ’ 
r 
Oa mmo ——————á 
V хр! To’ 
Со 
9; =- (general) 
} / 
0; = Oo Y a (for cylindrical, laminated rotor only) 
D 
R ; i: 
бо = у (If Rand X arein ohms, со will be a numeric, 
in proper terms to use in the above 
expressions). 
1. ARMATURE CURRENT 
Transient. 
А k ĉo А , 
pH [є eos «— К cos (t-- o) - P є eos (t+a)] 


For maximum flux linkages о = 0 in the above 
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equation, but for minimum flux linkages a = 7/2 and 5. VOLTAGE ACROSS THE OPEN PHASE 
the armature decrement does not appear. Thus, for the | 
А 2k kı B eo 
latter case, Transient. e, = — Hn: cos a [Н eos 2 (t + a) 
1 2k Co . mm 
ge sint К + P e] | | + Bsin? 2 (t + a) | ee! . 
kie 
| |. 2keKsint + рг É(UPk-2kBHeos2(t-4 o) 
Sustained. a ge 
| — 2 k B? sin? 2 (t + o)] eos (t + а) 
2. FIELD CURRENT + kB Hsin (t + o) sin2 (t + a) } [K — (1— K) єл] 
Transient. For maximum flux linkages a = 0, while for mini- 
е, mum flux linkages a = 7/2 and 
I = H [С + F eos 2 (t + а) ] [K + P e] A | 
е = yg (Hk + 2k B Н cos2t + 2k B? sin! 20) sint 
— 2G cos (t + a) eos a e^! } 
For maximum flux linkages a = 0; and for minimum + ЕВ Н costsin 2t } [((1— К) є К) 
linkages, | k e K = 
eo Steady State. e| = — 2373 { k BH eostsin2t 
І = 7 { [C — F cos 2 t] [К + Pe") } 


+ [H? k -- 2k BH eos2t + 2k B? sin? 2 0)] sin tt 


Co 


K | 
Sustained. I — J (G — F cos 2 t) 
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3. VOLTAGE ACROSS REACTOR IN ARMATURE CIRCUIT ARMATURE CURRENT 


Refer to “Premises” and "Fundamental Equations" 


ez. = 202, [2 B cos o sin 2 (t + a) є“ in the main body of the paper. Equating (5) and (6) 
and solving for 1, 
+ sin (i + a) [H — 4 B cos @ + а)] (К+Рє^)] , 2 k ey [cos a — cos (t + o] 
ы = linkages о = 0; and for minimum * = Gor тогу + (ap! — ao’) cos2(t+a) (1b) 
burg Resolved into the harmonics, this current becomes, 
Ce = 7 [cost (J — 4 B sin? t) (К + P e] Fersa 
= prre [1 + 26 cos 2 (t + a) 
К 2k Co Le K : dius 
Sustained. ez = ———, cost (J — 4 В sin? t +2 cos4 (t + о) + 2 02 соѕ6 (+ а) +. . |] 
4. VOLTAGE ACROSS REACTANCE IN FIELD CIRCUIT — — — [cos (t + a) + b cos 8 (t + о) 
2 G E, X, cos asin (t+a) Tp + У 2р Же 
Ex.= — — i tH—4 В cos? (t+a)] ea +Beos5(tt+a)+. . . . (2b) 
| V Zo! — Vt! 
2 P E, X,sin 2 (t here po MÀ 3b 
ARATATA Bo-AaFes — UT Ve! + ль = 
| k =a factor depending upon the phase which is short 
is 2K E, X,sin 2 (t + o) (ВС AF) circuited. It is equal to 1.0 for line-to-neutral, 
H? and v 8 for line-to-line. 
For maximum flux linkages ш = 0; while for mini- 6 = peak voltage, line-to-neutral, before short circuit. 
mum linkages o = 7/2 and When the short circuit occurs at maximum flux 
ag / 
2PE.X linkages, that is at a = 0, (1b) becomes, 
Ex, = — 7,— sin 2t (A F — BC) єл " 2 k es (1 — cos t) a 
2 = (£o + za’) + (Zp/ — a’) cos 2t (4b) 
2 K E, X, imi 
+ EST sn2t(AF-— BC) and (2b) becomes, 
А k ео 
2 K E, X, i = —7———— [1 + 2bcos2t+ 2 0° cos 4t 
Sustained. Ex, = see sin2t(AF— BC) a=0 Viata 


J? 
+ 2 0 со56# +. . . .)] 
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оре | + 0° зіп 5 —– bsin7£4. . .] (7b) 

— Lee + beos8 t + 0° COS 5t Dai: .] It is interesting to note that from equation (2b), 
tp’ + У 2р the reactance which, with the voltage k eo, determines 
(5b) the fundamental component of short-circuit current is 


When the short circuit occurs at zero flux linkages, tp’ + V £p! Xo! 


2 


T 3 
thatis at o = Eu (1b) becomes, | | | 
| and that which, with the same voltage, determines 


os Ж - ! Е А ^ A 1 


Curve В 


Fic. 11—TRANSIENT ARMATURE CURRENT, MAXIMUM INITIAL ARMATURE LINKAGES ON 
SINGLE-PHASE LINE-TO-LINE SHORT-Crrcuit, 20-HP. MACHINE ' 


A—Calculated curve 
B—Test curve 
Equation:— 2.64 cos t 


3.46 0.818 cos / T 8.98 — 3.56 cos 21 
Baa —————— -0.0474$ | | — —— — —— ———— 
t = 3.98 — 3.56 cos 21 ^ 3.98 — 3.56 cos 2 t 


‘Curve B 


‚Кто. 12— TRANSIENT ARMATURE CURRENT, ZERO ARMATURE LINKAGES ON SINGLE-PHASE 
LiNE-ro-LiEe SHort-Circuir 20-НрР. MACHINE 


A—Calculated curve 
B—Test curve 


Equation:— | 
| 0.818 sin t 2.64 sin £ Dono 
! = 8.98 +3.56cos2t ^. 3.98 +3.56cos2t * 
| 2 k es sint a the direct-current component is v zp’ XQ’ 
: " m (£o + £o) — (xp'— 9) с0521 —— (65) The peak value of the fundamental is 
! | оре. 
and (2b) becomes, ee 0 — (8b) 
2k eo Хр’ + vV tp Хо • 


Ü = [sin £ — b sin 3t mm 
a= т/2 E + V tp! zo ха’ and the direct-current component is, 
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k es COS а 


= 9b 
NUN (9b) 


$9 — 


The effective value of the series in equation (2b) will 


now be derived. This value is the square root of the 
sum of the squares of the individual effective values. 
The coefficient of each harmonie term represents the 
peak value. Thus, dividing each harmonic term by 


Curve B 


Fig. 18—SusTAINED ARMATURE CURRENT ON SINGLE-PHASE 
! LinE-To-LINE SHOoRT-CirRcuIT 20-H P. MacHInE 


A—Calculated curve Equation:— 
B—Test curve i= 


0.818 sin / 
3.98 + 3.56 cos 2t 


SINGLE-PHASE 


14—-SusTAINED’ ARMATURE CURRENT, 
= то’ 20-H». MACHINE 


Fia. 
LINE-TO-LINE SHORT CIRCUIT WITH 2p’ 


у 2 and squaring, and taking the square root of the 
sum, the effective value of the even harmonic series is- 


k ———  — MOM ee ee REN 
buy = me VERE TROT OT О 

у Хр’ & 

2  kecosa 1+% 

or Veff V £p! ха! l— p ( ) 
And for the odd harmonie rens 
| Ok ое ———=————=—_ 
test’ = V 2k ee Pa eee ah eure aeter 


Xp 14 A/ Xp! to! 
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V Ak ео 1 
tp’ + Vip’ tao V1— 6° 

Equations (10b) and (11b) give the effective value of 
the respective series as a fraction of the peak value of 
normal fundamental current. To place the results in 
terms of the effective value of normal current, multiply 
each equation by 4/ 2. 

Turn now to the relations which make it possible to 
analyze a single-phase short-circuit current wave from 
only three values taken from the wave. Referring to 
equation . (2b), the. sum of each series is a maximum 
(but the total is zero) when 


or Vers! = (11b) 


¢@+a)=27 
k 
eared Gee ee Le ] 
Vin’ X 
2k eo 
- р зп ot de. _ (12b 
al fet [ Е (12b) 
Taking the кеки of these series, 
_ keycosao 1 +b 2 k eo 1 
i v tp’ xq’ 1-6 tp’ + у Zp' Xa 1—5 
(13b) 


Substituting (8b) and (9b) in (13b), the peak value of 


Fic. 15—SusTAINED ARMATURE CURRENT SINGLE-PHASE LINE- 
TO-LINE SmonT CIRCUIT WITH zp’ > Zo’ 20-Нр. MACHINE 


the odd harmonic series is thus 1/(1 — b) times the peak 
value of the fundamental component tı, and the peak 


value of the even harmonie series is (1 + Б) /(1 — b) 


times the direct-current component і. "Thus, for the 
sum of the odd harmonies, the peak value is 


ода = 11:/(1 — b) (14b) . 
Similarly, the peak value of the even harmonic series is 
беу = to [(1 + 0)/(1 = b) ] (15b) 


Substituting for b its value from (3b), some additional 


interesting relations are incidentally obtained. Thus 


1 V Zo! + у to’ 

1— 5 2 л Хр ( ) 

1 + b LQ’ 
and ту = " Eu (17b) 

Substituting (8b) and (16b) in (14b), 

k 
Todd = > (18b) 
D 
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and (9b) and (17b) i in (15b), 
k ey cos а 


tes, = Р 


ть (19b) 


The relations are shown graphically in Fig. 9. 
_ Consider now the value of the sum of the two series 
in (2b) at three different values of t + о, namely, 


E ER E 2 ‚апа т. First, when t + о =—1—,0г45 TA 
2, 1-5 E 
bas = o "1-5 — /21i "qup (20b) 
30 
ө], | 
PR 
20 
0 v^ 
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= 0.333 % = 1.0 14, = 2.667 
Hence, by (2b) the wave is | 


2 2. 
t=1+ g cos2 (t+ a) + 9 cos4 (t + a) 


3 
2 
+ 57 cos 6 (t + а) t. jx 


| Е : | 
— 2.661 | соз (& -4- a) + g cos 8 (t + о) 


Curve A 


we Лл ДА a AA ULLA AU, 


Curve B ~ | 


16—TRANSIENT FIELD Current, Maximum INITIAL ARAMATURE LINKAGES ON 


SINGLE-PHASE Ілме-то- Ілме SHort-Circuit 20-Hp. MACHINE 


Fia. 
A—Calculated curve Equation: — 12.3 cost 
B Eest Curve I = 3.98 — 3.56 cos t 
T 
when t + а = 9, Or 90 deg., 
1-6 21b 
$90 = to Т Гү 14-5 ( ) 
and when t + a = т, or 180 deg., 
| 1+0 1 ә} 
tiso = $071 — Б ти 1— b ( ) 


From these three equations the entire wave can be 
analyzed. For illustration, let 74; = — 0.332, 1 — 0.5, 
and £i = 6.0. The three equations thus determine 
b, їо, and?,. They are 


3.08 9.97 


0.4741 e—a ——M—— £ - 01324 
+ -3.98 — 3.56 cos21 T 33.98— 8.56 cos21 © 


Ry eos5 (E+ a) +. ) | 


When the wave has по d-c. component 2», the analysis 
is much simpler, since only two values from the wave 
are now needed; namely, the value at 45 deg. and at 
90 deg. 

Transient Armature Currents. The armature current 
immediately after short circuit 1s given by equation 
(1b). The term which disappears when o = 7/2 
contains the direct current component and the even. 
harmonics. As time elapses, these currents decay to | 
zero according to the armature decrement factor, oa, 
derived in Appendix H. The other term contains the 


7 odd harmonics which are proportional to the field 
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current at every instant. Hence this component of 
equation (1b) decays from the value shown to a 
sustained value 


Lp’ + V Xp! Xo’ 
їр + V Zp' XQ’ 
times as great, according to the field decrement factor, 


oy, derived in Appendix Н. 
The sustained armature current is thus 


. Г to + V 2p’ XQ’ 
4 = — 2k е, —_—SS ———————————аш | 
sustained їр + V Хр’ LQ’ 
eos (t + а) 
(£p! + 5%) + (Xp' — xo) cos 2 (t + а) 


The component which decays to zero according to 
the field decrement factor is then the difference between 


(23b) 
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COS а 
(Zp' + £9!) + (xp' — zo!) eos 2 (t + o) 


COS а 
= == ш - [even series] 


rere (25b) 


and, 


eos (t + a) 
(£o + Zo!) + (xo' — xo^) cos (t + o) 


1 
= SS [odd series] 


tp’ + V xp ome 


the expression for armature current at any instant 
after short circuit is 


Curve A 


10 | 
DUA AAA LAAT ADD ДАДАДДАА 


4017 


Á 
у 
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Curve В 


А 


i Ё A Ы n 4 A n n ^ " ^ " H Й А 
E ! SA un ү ; А a ps ; А ut 14 Р р : | 
w d o Ly МУ, «У, YT VL T o7 4 Ке A 19 Aas FOS Jo NC CM Мол быш, Pesce, шс NO 


Ета. 


17—TRANSIENT FIELD CURRENT, ZERO INITIAL ARMATURE LINKAGES ON SINGLE-PHASE 


Line-to-Line SHort-Circuit 20-Hp. MACHINE 


A—Calculated curve 


B—Test curve (not quite zero flux linkages) 


Equation:— 
3.08 


I зе c—————M———Ó € 


3 98 + 3.56 cos 21 


the second term of equation (1b) and equation (23b). 
The total armature current at any instant after short 
cireuit is then 
2keycos a 
T (æo + ta) + (£p/— aq’) cos2 (t+ a) À 


2 k es (хр — Xp’) eos (t + a) 


E (2р + у £p' XQ’) [ (zp' + XQ’) 
+ (Xp’ — хе”) cos 2 (t + a) ] 


| — 2ke ‚[ 2——— 
eos (t + а) 
(хр’ + 2%) + (Xp! — xo!) eos 2 (t + о) 


If we substitute from equation (1b) and (2b) the 
relations 


—3O st 


Lp’ tp! + V 20! o" ] 


p + V tp’ to! XQ’ 


(24b) 


3.98 + 3.56 cos 2t 


9.97 
є-0-122/ 


mE 
V tp! та! 
— 2 k eo (£p — Xp’) 
(Xp + Vip! хе”) (£o + мухр’ zo") 
— 2ke 
Xp VERET 


t = [even series] є 


[odd series] e~s! 


- [odd series] (27b) 


Mn C 
FIELD CURRENT 


The equation for the initial field current will be 
obtained in accordance with the plan outlined under 
“Fundamental Equations." 


It is convenient to take the three-phase normal 
values of current and armature reaction as the bases 
of the per-unit quantities, both three-phase and single- 
phase. Thus a three-phase per-unit current i will 
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produce a rotating space fundamental m. m. f. whose 
amplitude, expressed as a fraction of the amplitude 
corresponding to normal current, is numerically equal 
to the currenti. The single-phase m. m. f. and current 
will be expressed in terms of these. 

It will be recalled that the amplitude of the syn- 
ehronously rotating component of space fundamental 
m. m. f. due to normal frequency current in one phase 
of a three-phase machine, is one-half of the amplitude 
of the total pulsating space fundamental produced by 
that current, the other half rotating oppositely; and 
that the corresponding synchronously rotating com- 
ponents of the other two phases happen to be in space 
phase with that of the first. "That is, the amplitude of 
the total three-phase space fundamental m. m. f., 4. e., 
the m. m. f. of armature reaction, is 1.5 times the total 
amplitude A, of the pulsating space fundamental due 
to one phase only. Or, conversely, the pulsating space 
fundamental due to a line-to-neutral single-phase cur- 
rent is 2/3 of the m. m. f. of armature reaction A 


eT 4T 67 
| Curve А 


Fig. 18—SUSTAINED FIELD CURRENT ON SINGLE-PHASE LINE- 
To-LINE Ѕновт Circuit 20-НрР. MACHINE 
A—Calculated curve 
B—Test curve 
Equation:— 


3.08 
3.98 + 3.56 cos 21 


ii 
due to a three-phase current of the same value. Since 
the space fundamental A, at any instant is independent 
of the nature of the variation of the current 7 which 
exists at that instant, it follows that, in general, any 
single-phase current 7 will produce a space fundamental 

A; = 2/2k A = 2/8k1 (1c) 
where k = unity for line-to-neutral current, and 1.73 
for a line-to-line current. And obviously A, will vary 
in time according as 7 varies. 

When the rotor is moving, the space fundamental 
m. m. f. A, will have relative motion with respect to the 
rotor poles, but at any instant it may be resolved into 
the two conventional components; Ap in the direct 
axis, and Ag in the quadrature axis. Ifthe single-phase 
armature current is due to a short circuit at the instant 
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the direct axis is displaced from the axis of the single- 


phase winding by an angle o,:the component of А, 
which remains in the direct axis is 


Ар = 2/8 k2 cos (t + a) (2c) 
and in the quadrature axis 
Ag = 2/3 kisin (t + o) (3c) 


It has been shown in Synchronous Machines—III 
that unit m. m. f., in suddenly appearing over the direct 
axis, will induce a per-unit field current 

Ala = Ха – Ха! (4с) 
or, since per-unit field current is numerically equal to ' 
per-unit nominal voltage, 

Al а= А ёг 

Thus, a sudden m. m. f. Aa will induce a field current 
given by 

| A ёа = — Aa (za — 2a’) (5c) 
where x, and x,’ are respectively the line-to-neutral, 
three-phase values of synchronous and transient per- 
unit reactances corresponding to the direct axis. (The 
negative sign is taken in accordance with the convention 


that the space fundamental m. m. f. due to the armature 


is considered to be in the same direction as the field 
m. m. f. when the two axes coincide). | 

Similarly, for the quadrature axis, 

Ае, = — А, (£a — z^) (6c) 

Since the quantities A, and A, in equations (5с) and 
(6c) each represent the amplitudes of a space funda- 
mental m. m. f., expressed as a fraction of the amplitude 
of the space fundamental m. m. f., due to normal three- 
phase current, it follows that the amplitude of any 
space fundamental m. m. f., so expressed, such as Ap 
or Ag, may be directly substituted. Hence, from 
(2c) and (3c), 


2 
А ёа = — y ki (£a— ta’) cos (t + o) (7c) 
AT 
and ле, = – 3 ki (x, — £,') eos (t + а) (8c) 


If the main field winding is the only rotor winding 
in the direct axis, the field current A Ia, or A ea, will 
exist entirely in the winding. However, if there are 
other short-circuited rotor windings in the direct axis, 
only a part of A e4 will appear in the main field windings, 
the remainder appearing in the other closed rotor 
circuits. For the case of a single rotor winding, the 
field current A Ia which is produced by the armature 
m. m. f. due to the armature current 4, is obtained by © 
substituting in (7c) the value of 7 given by equation 
(1b) in Appendix B. Thus, | 
А 1а = 
— $ К eo (ха — Xa’) cos (t + o) [cos a — cos (t + o) ] 

(Zp' + £9!) + (zp' — XQ’) eos 2 (t + а) 
(9c) 
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It is desirable to express (xz— x4’) in terms of voltage immediately after short circuit, that is the 
Lp — Xp’). | initial value, is | 

Referring to the definitions and equations in I; = Io + Ala) = ea = (eo + A еа) (12c) 
Append в (tp + tq") + (£o — zo’) cos 2 (t + o) 
— 2 (xp — Zp’) cos a cos (t + o) 


— / a— o — ысылык — , = m SS ae eee ae 
сш. 2 k? (tp їр) (10с) Ia = ег (zp' + хе”) + (xp! — za!) cos 2 (t + о) 
Substituting this in (9c), | | (13c) 
А Га = A64 When the harmonic series form for 7 from equation 


—2 es (tp — ty’) eos (t + о) [cos a — T (t + о) ] (2b), Appendix B, is substituted in (7c) and remember- 


= еттер үтү a’ ing the relation in (10с), 
(Ie) 7 j eo (Xp + V Xp! XQ’) 
d = ёа "Tag e 


The total per-unit field current, or per-unit nominal tp’ + V р’ XQ’ 


D 
4 


J A E | ^ i А A 
Mw m uem Ne — eannan [и ИЙ ершен wp ——— tA yr М4 Pe NI Nimes tim, nomea erem. 
Curve B | 


Fic. 19—Transtent ОрЕМ-РнАѕЕ VOLTAGE, Maximum INITIAL ARMATURE LINKAGE ON 


Ѕімаге-РнАѕе LiNE-TO-LiNE Ѕновт-Ствсоіт 20-Hp. MACHINE 
A—Calculated curve 
B—Test curve 


Equation :— 
(3.56 — 3.98 cos 2 I) 1.78 cos i — 3.36 cos ( sin? t 5.98 cos ( sin? 2 ! 
e= — 712 ———— ———— —— — «-9.044( _ p —ML—————— 
(3.08 — 3.56 cos 2 t) 8.98 — 3.56 cos 21 (3.98 — 3.56 cos 2 0)? 
И — 10.9 іп? . 2 
(5.75 cos t 1 cos ł SIR 0 ET ү (19.3 cos t sin’ 2 1) NYC 
(3.98 — 3.56 cos 2 1)? (3.98 — 3.56 cos 2 t)? 
2 
тг 
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Curve A 


Fic. 20—TRANSIENT OPEN-PHASE VOLTAGE, ZERO INITIAL ARMATURE LINKAGES ON 
SINGLE-PHASE LINE-TO-LINE SHoRT-Circuit 20-Hp. MACHINE 


A—Calculated curve 5.75 sin t — 10.9 sin / cos? t 
B—Test curve TEN LTE EE Ea ae тт є-9%:132; 
3.98 + 3.56 cos 21 
Equation:— 
— 1.78 sin! — 3.36 sin ! cos? t 5.98 sin t sin? 21 19.3 sin ! sin? 2 £ — 
e ex ——————M ne ee ee re ge 0: 


3.98 + 3.56 соз2{ + — (8.98 + 3.56 cos 2 1 + 3.98 43.56 соз2 © 
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b) cos а 


_ в (fo — tn’) (1 + [eos (t + о). 


Vv Lp’ LQ’ 
+ 0 с058 (1 + а) + 0 соѕ5 (г + оа) +. . .] 

eo (tp — Xp’) 

Lp’ + J tp’ хо Lp’ LQ 
+b6cos4(¢t+a)+bcos6(¢é+a)+.. .] (14е) 
The quadrature component A I, may be obtained in 

a similar manner. 

The field current comprises a direct current com- 


ponent,-a series of odd harmonics, whose amplitudes are 
in geometric ratio, and a series of even harmonics whose 


- (1 + 5) [сов 2 (t + a) 


Curve A 


21—SusTAINED OPEN-PHASE VOLTAGE ON SINGLE-PHASE 
LinE-To-LINE SHortT-Circvuit 20-НР. MACHINE 


Ес. 


A—Oalculated curve 
B—tTest curve 


кезйн 
1.78 sin! —3 rn 
: 3.98 + 3.56 cos 21 


5.98 sin / sin? 2 { 


dix [3.98 + 3.56 cos 2 t|? 


amplitudes are in geometrie ratio. The geometric 
ratio is the same in all cases, for the armature current 
as well as for the field current, and its value is given by 
equation (3b), Appendix B. | 

Transient Field Current. It will be noticed that the 
average field current or nominal voltage increases at 
short circuit in the ratio 


tp + V їр’ XQ’ 

tp’ + V xp’ XQ’ 
As time elapses, this average field current will decay 
to the value existing before short circuit according to 


the field decrement factor с; derived in Appendix Н. 
Since all even harmonics in the field current are pro- 
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portional to the average field current at every instant 
after short circuit, they will also decay to their sustained 
values in the same manner. The odd harmonics in 
the field current are proportional to the direct-current 
component in the armature at every instant and thus 
decay to zero according to the armature decrement 


‘factor c, derived in Appendix H. In equation (13c), 


the odd harmonics comprise those terms which disap- 


Е | | 
pear when a = “о, 6 en when there is no direct 


current component in the armature. The remaining 
terms comprise the average value and all even is 
monies. "Thus 


— 2 e (Xp — Хр’) cos a cos (t + o) 


s = Tao + ae!) + (ь'— ze) C082 (+ a) 
(15c) 
and | | ' 
т, = lo + а) + (20 та) eos 2 U + об], 
Кели (£a! + жө”) + (zp' — XQ’) cos 2 (t + о) 


The sustained value of (15c) is zero and the sustained 
value of (16c) bears the same relation to (16c) as the 
final average value bears to the initial average value. 
Hence the sustained field current is 


Lp’ + V 2р’ XQ’. 


la = mI 
£p + vV Xp' Xa 


sustained 
(tp + хе”) + (Xp — XQ’) cos 2 (t + a) 


(mo + tal) Ge — te eos2+a) O 


The differences between (16c) and (17c) thus decays 
to zero according to the field decrement factor, and the 
expression for the total field current at any instant 
after short circuit is . 


— 2 @ (Xp — Lp’) cos a cos (t + о) 


Xp — Хр’ | | 
tp + V Xp' XQ’ 
(tp + ta’) + (zo — 29) cos 2 (t + о), 


" L (20 + zo") + (z' — xo^) cos2 (t + а). 
tp’ + У tp! to! 
£p + V Хр’ XQ’ 


[ (2р + XQ’) + (2р =з XQ’) cos 2 (t + a) 
(хр’ + XQ’) + (p! — XQ’) cos 2 (t + о) 


If we substitute the odd harmonic series from 


(18с) 


equation (14с) for (15с), апа the average value and 


even harmonics from equation (14c) for equation 
(16c), equation (18c) may be written 
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b) cos o 


= — xp’) (1 
: a ы [odd series] є 


A Lp’ LQ! 

А ERE (ciet; dU) н er 

(Xp! + ур’ XQ’) (2р + VIn’ XQ’) 

es (Zp.— Xp’). | 

ee eee qe pn Cet 

eaaa a 
е, (Lp — Xp’) (1 + b) 


—————— [even series] 
Хр + V 2р’ XQ’ 
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Transactions A. I. E. E. 


Appendix D 


VOLTAGE ACROSS EXTERNAL REACTANCE IN ARMATURE 
CIRCUIT 


The reactances, хр’ and хо’, may in general include 
an external reactance x.. It is then of interest to find 
the voltage which exists across this reactance under 
conditions of sudden short circuit. The per-unit 
value of voltage will be given by the product of the 
external inductance and the rate of change of current 
with respect to time. Since per-unit reactance at 
normal frequency is numerically equal to per-unit 
inductance, the. voltage is, 


Fia. 


22—TRANSIENT VOLTAGE ACROSS AN EXTERNAL REACTOR IN THE ARMATURE CIRCUIT, MAXIMUM INITIAL 


ARMATURE LINKAGES ON SINGLE-PHASE LINE-TO-LINE SHORT-CiRcUIT 20-H Pr. MACHINE 


A—Calculated curve 
B—Test curve 


Equation:— 
24.6 sin 21 
(3.98 — 3.56 cos 2 £)? 


е = ECRIRE e- 074p _ 


e 004741 
3.98 — 3.56 cos 21 


7.12 cos t sin 21 + (3.98 — 3.56 cos 2 t) sint 


+ 0.815 (3.98 — 3.56 cos 2 t)? 


7.12 cos t sin 2 £ + (3.98 cos 2 Г) (sint +0. 132 cos f) 


“А є-0-132# 
+ 2.64 (3.98 — 3.56 cos 2 1)? 


j p / ^ , А / ^ 
/ ОТТА fo weno ETN Naa ҮМ, ыны” 
Curve В 


23—TRANSIENT VOLTAGE Across AN EXTERNAL REACTOR IN THE ARMATURE CIRCUIT, ZERO ÍNITIAL ARMATURE 


LINKAGES ON SINGLE-PHASE LINE-TO-LINE SHort-Circuit 20-Нр. MACHINE 


Fra. 
A—Calculated curve 
B—Test curve 
Equation:— 
7.12 sin 2 t sint + (3.98 + 3.56 cos 2 f) cost 
e = = 0.815 T ———————————————Ó— 


(3.98 + 3.56 cos 2 t)? 


— 2.64 


- 


7.12 sin 2 t sint + (3.98 + 3.56 cos 2 t) (cost — .132 sin t) 


-0.132% 
(3.98 + 3.56 cos 2 1)? S 
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dat 
Cze = Te dt 


; (1d) 

The initial value of short-circuit armature current is 
given by equation (1b) of Appendix B. Hence, from 
this expression, the voltage across the external reac- 
tance, assuming no decrements in the current wave, 
will be 


2 k ey 
exe = — qi [H sin (t + a) 


+ 2 B sin 2 (t + a) [cos а — cos (t + a)] J 
The symbolic form is that outlined in Appendix A. 


(2d) 


10 Cxe 


Fic. AN EXTERNAL 


24—SUSTAINED VOLTAGE ACROSS 
REACTOR IN THE ARMATURE CIRCUIT ON SINGLE-PHASE 
Line-tTo LINE SHorRT-Circuit 20-H P. MACHINE 


A—COalculated curve 
B—Test curve 


Equation:— 
— 7.12 sin21ísin! — (3.98 + 3.56 cos 2 D) cost ] 


соо [ (3.98 + 3.56 cos 2 02 


Under the development of Transient Armature 
Current of Appendix B, it was shown that part of the 
current wave decays to zero according to the armature 
decrement Sa and that a second part decays to zero 
according to the field decrement су. The third part is 
the steady-state value. Thus, 
equation will have components which also decay to zero 
according to these two decrements. 

That part of equation (2d) which contains the arma- 
ture decrement corresponds to the first term of equation 
(24b) and is 


4 k ez, B sin 2 (t + a) oe. 
Н? 


With reference to (24b), it will be noticed that a second 
term, containing the derivatives of the exponential, 
should be introduced in order to be exact. However, 
since this quantity is very small in comparison with 
(3d) and will never be noticeable in practical cases, it 
is not considered here. That is, the voltage due to the 
rate of change of current which in turn is due to the 
armature decrement is neglected. 


(3d) 
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The remainder of (2d) is that portion which contains 
the field decrement es, and which decays from the ae 
shown to a sustained value 

Bp! + V о/о 

tp + У xp! XQ’ 

times as great, according to this decrement. It is 
divided into the alternating component which finally 
dies away, and the sustained value, in the same manner 
as its corresponding currents of equation (1b) were 
formed into the second and third terms of equation 
(24b). 

As an alternative to decomposing (2d) into the above 
mentioned components, the transient voltage across an 
external reactance in the armature cireuit may be more 
easily obtained by differentiating (24b). Neglecting 
those terms concerned with derivatives of the exponents 
we have, 


2 k eo x, 
ег, = —Hu  |2B cos asin 2 (t + a) « Eal 


+[H sin (¢-+a)—2 B cos (t+a) sin 2 (t+ o)] (K+P єл] 
| (44) 


It is interesting to treat the initial voltage in series | 


Curve 8 


Fig. 25—SusTAINED VOLTAGE Across AN EXTERNAL 


REACTOR IN THE FIELD CIRCUIT ON SINGLE-PHASE LINE-TO LINE 
SHort-Circuit 20 Нр. MACHINE 


A—Oalculated curve 
B—tTest curve (inverted) 


21.9 sin2¢ 
= (3.98 + 3.56 cos 2 1)? 


form and observe the shapes of the total and component 
waves. Thus, using the.series expression for current as 
given by equation (2b), the voltage across the external 
reactance becomes, 


006 
V tp! та! 
К ue: iwl 
2 k eo Xe 
Lp’ + £p! та’ 
оак ы. ' 


[4 b sin 2 (t + a) 


Cze = — 


=p lsin (t +æ) + 3bsin3 (t + a) 
.] (5d) 
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When a = 0, the first series will have the general 
form shown by Fig. 25 in the main body of the paper, 
while the second series will have the form shown by 
Fig. 24. The total wave is given by Fig. 22. 


Appendix E 


VOLTAGE ACROSS EXTERNAL REACTANCE IN FIELD 
CIRCUIT 


Under conditions of sudden short circuit, alternating 
currents are produced in the field circuit. When this 
circuit contains some reactance external to the field 
winding proper, such as the exciter armature, alter- 
nating voltages exist across the reactance. It may 
sometimes he desirable to determine such voltages. 

As before, for a pure reactance, the per-unit voltage 
is given by the product of the per-unit external induc- 
tance (which is numerically equal to the per-unit 
reactance Х,), and the rate of change of current; in 
this case, field current. 


In evaluating this voltage, it is convenient to express 
the external reactance in field terms. Unit field voltage 
is defined as the d-c. voltage corresponding, by Ohm’s 
Law, to unit field current. The unit value of either 
resistance or reactance is thus the ratio of unit field 
voltage to unit field current. Any other value of ohms 
could be chosen as the unit base, but this particular 
value affords special convenience in that the calculated 
results are in terms of the known field excitation 
voltage. If, on this basis, the per-unit external 
reactance in the field circuit is X., the per-unit voltage 
across its terminals under sudden short circuit con- 
ditions is the product of X, and the rate of change of 
field current. 

The initial field current is given by equation (13c), 
hence the voltage across the reactance at the instant of 
short circuit is 


2 EX. 
=н 
+snZ2(t¢+a)[BC—HF+Fcos2 (t + a) 
— 2 С соз а cos (t+ а) ] ] 


Expressed in series form (le) becomes 
E E,X,G(1-4-b)eosa , . 
X, = ——————— ——— [sin 
№ xp’ tq’ 
+3bsn38(¢+ta)+5@smd5t¢+ay+...] 
2E,X.G (1 + 5b) 


— ita ee 


+20514 (4 o) +805106 (1 + о) +. ..] (2e) 


Referring to Appendix В, it will be remembered that, 
‘under sustained short circuit, only the odd harmonics 
аге present in the armature current. Hence, only the 
d-c. component and the even harmonics will exist in the 
field current for sustained short circuit, as explained in 
Appendix C. These field currents, given by their 
respective components of equations (13c) and (14c) are 


Ex { Н Geos asin (t + a) 
(le) 


(t + a) 
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(C+ Feos2 (t 0). 
1, Liber IDEE (3e) 
sustsined А + B eos 2 (t + а) 
or I, = Е, + EP (1 + 0) [eos 2 (t + o) 
sustained + 0 со54 (t-- a) +. . .] (4e 


The sustained voltage across the field reactance is 
thus 


2 E, X, K sin 2 (t + a) 


Кузе m (BC-AF) (5e 
or Ex, = — 2 E,P (1 + b) [sin 2 (t + o) 
T 2bsin4(t--o) +8 05106 (+ а) +. . .] (6e) 


Equation (le) can be decomposed into three com- 
ponents; that which dies away according to the arma- 
ture decrement c,, that which decays to zero according 
to the field decrement o,, and the sustained voltage. 
Since, however, the transient field current is known, 
equation (18c), the voltage across the reactance can 
more easily be obtained by the product of the derivative 


of this expression and X,. Thus, 


E 2E,X.G | 
X, = ——H eos a sin (f + o) 
[Н — 4 B eos? (t + a) ] eat 
2E, X.P 
T— E sin 2 (t + о) [B C — AF ]e-r 
2а 
+ Hz sin2(¢ta)[BC-—AF] (Те) 


As in the case of the voltage across an external 
reactance in the armature circuit, the terms containing 
the derivatives of the decrements have been omitted 
because they are quite inappreciable. It will be ob- 
served that the last term of (7e), representing the sus- 
tained voltage across a field reactance, is exactly 
equation (5e). 


Appendix F 


VOLTAGE ACROSS THE OPEN PHASE 


It has been shown that the current in the short-cir- 
euited phase produces a space fundamental m. m. f. 


А =2/8k1 (1f) 
of which the component in the direct axis is . 
Ар = 2/8 ki cos (t + a) (2f) 
and the component in the quadrature axis is | 
Ag = 2/3 kisin (t + a) (3f) 


Under sudden short-circuit conditions, the space 
fundamental fluxes produced are 

Фр = 2/8 Кї хаа cos (t + o) (4#) 

Фа = 2/8 Еі Lag sin (t + a) (5f) 

The components of these fluxes which an open 

winding whose axis is at an angle £ from the axis of the 
short-circuited winding are respectively, 

Фі = 2/3 ki Zag’ cos (t + a) cos (t +œ + В) (6f) 
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and «s = 2/3 ki £a sin (t + o) sin (t +æ + В) (7f) 
The flux linkages due to these fluxes are 

Yı = 2/3 k kit Zaa’ cos (t + o) eos (t + œ + В) (8f) 
and y, = 2/3 ЕК, іза, sin (t + o) sin (t + a+) (9f) 
where k, is a constant by which per-unit fundamental 
flux must be multiplied to give the flux linkages in the 
open winding under consideration. For a line to 
neutral winding, kı is unity and for a line to line winding 
k 1 is ~. 

The current in the short-circuited winding also 
produces mutual flux linkages with the open-circuited 
winding such.as those due to space harmonics, mutual 
slot fluxes, mutual fluxes in the end turn leakage paths, 
ete. The flux linkages from this source are 

ys = Va (10f) 

The flux linkages in the open-circuited winding due 

to the rotor eurrent existing before short cireuit are 
Vs = kı eo cos (t + а + B) (11f) 

The total flux linkages in the open winding at any 

instant after short circuit are then 
y = yı + ү + уз + Y (12f) 
Using the relations, similar to equation (13i), that 


3 
Lia + fag € Oh (£an + zag’) (13f) 


xod = Lig = о (£an > Lag) 
the total flux linkages are 
kıt 
y = kieocos (tH æ + В) + х ETN 


[(xAp' + xag’) eos 8 + (Lav’ — zag’) eos (2t + 2a+8)] 

| (15f) 

The voltage induced in the open winding when 

another winding in the machine is short-circuited is 

given by the negative rate of change of equation 
(15f), or 


е = Б, eosin (t + a + B) 


k 
+ > (tan! — mao) sin (2t + 2а +6) i 
ki ; А 
— | tm + р [Gap + zag’) cos B 


+ (tap! — £o") cos (2t + 2a+8)] } 73, 


(16f) 


Substituting the value of current from equation (1b), 
and its derivative, and using the notation of Appendix 
A, this voltage becomes 


2 keo 


е = kı eosin (t + а + 8) + 


(дар! — zag’) sin (2t + 20 + 8) [cos a — cos (t + a) ] 
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бо 


CILE EIN 
- ^H sin (¢ + o) tm + c, 


[(Lap’ +29’) COS B4- (ZAp'—24AQ/) cos (2 t+-2 a-+t-B)] | 


4Ake, B ; 
= — Hn Sin 2 (t +a) 


k 
[cos a — cos (t + a) ] | Lm + E [(XAp' + zag’) 


cos 8 + (zap' — xag’) cos (Zt + Za + В) ] | (17f) 


When normal eurrent flows through one winding of 
the armature, flux linkages will be produced in the 
other windings. Of these linkages, the larger part is 
due to space fundamental fluxes. The remainder are 
due to non-space fundamental fluxes such as mutual 
slot fluxes, mutual fluxes in the end turn leakage paths, 
etc. These linkages are represented by £m. In many 
cases, this is small compared with the space fundamental 
flux linkages and by assuming it to be zero many of the 
equations are greatly simplified. 

For ordinary values of 8 which exist in synchronous 
machines (60 deg. and 90 deg.) equation (17f) essen- 
tially has its maximum when { = 180 — a. For this 
value of ¢, all terms but the first and second disappear 
and 


, LQ’ 
Eim = — kı eosin e | ar (1 + eos a) — cos a. | (18f) 


When £ is very small this value is in error since for 
8 = 0 deg. there will be a voltage in the open phase 
corresponding to leakage reactance voltage in the 
short-circuited phase. For values of 8 approaching 
zero it is necessary to plot the voltage curve to find its 
maximum value. 


The open phase voltage can also be expressed in the 
harmonic form by substituting the current expression 
from equation (2b), and its derivative. In this har- 
monic form, if we make the approximation that 


Yap’ — XAQ' = (Lp! — XQ’) (19f) 


and let 8 = oa then zm = 0, and the fundamental 


voltage in the open phase is found to be 
еу = k, eo (1 + b) cos (t + o) (20f) 


The fundamental voltage in an open-circuited phase 
90 deg. away from the short-circuited phase will thus 
be increased by the ratio (1 + b), as mentioned in the 
main body of the paper. 

When the short circuit occurs when maximum flux 
links the winding, 2. e., when a = 0, the voltage on the 
open phases will have the general form shown in Fig. 19 
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When «a = EE no flux links the winding at the 
instant of short circuit and the voltage on the open 
phase may be of the form shown in Fig. 20. 

If the short circuit occurs line to neutral, the winding 
comprised of the two unshort-circuited phases in series 
is in space quadrature with the short-circuited phase. 


Then B = т/2 
kı = 3 
Lm = 0 
k 21 


For a = 0, equation (17f) then becomes, (using the 
simplified notation), 


2k €o 
H (tap’ — Lag’) cos 2t (1 — cos t) 


€; = ke,cost + 


k eo . : 
+ =н (хлр’ — Lag’) sin tsin 2t 


2k B Co А "CE 
+ —H (Yap’ — Zag’) sin? 2£ (1 — cost) (21f) 
T А 
When a = EN equation (17f) becomes 
Ё 2 k eo А 
е = —keysint— S am (Хлр’ — Lag’) sint cos 2t 
k е0 


E WE (£an = ХАО”) eos t sin 2t 


AkBey j Р "T 
tg Qa — xag’) sin tsin? 2t 


(22f) 

As pointed out before, practically all the difference 
between хр’ and хс’ is due to the difference in space 
fundamental flux, a negligible amount being due to the 
variation in leakage fluxes in the two axes. Hence, for 
all practical purposes, (xp' — xq’) may be taken equal 
to (fap’ — zag), which simplifies equations (21f) and 
(22f), some of the terms combining into more compact 
terms. Equation (21f) has a maximum when t = т. 
For this value of t 


2 ГА 
а-к 2-1] (23#) 
Хр 
с = 0) 
ELM 
В = 
і = тп 


The voltage on this winding before short circuit is 
key Hence, the voltage at short-circuit line-to-neutral 


2 £o’ 
may rise to B — ] times the voltage before short 
D 


circuit on the open phases. 
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Equation (22f) has a maximum when ¢ = 7/2. 


LQ’ ` 
Then ` a=- kel 25 | 
Хр 
ВЕ е 
а= 
T 
6 = 
т 
t d x (24f) 


Equation (17f) may be decomposed into a form which 
clearly shows the components affected by the armature 
and field decrements, and the steady-state term. Thus, 
substituting for (tap’ — хло’) and omitting £m, equation 
(17f) becomes 

2kk, В соз а ео 
Н? 
+ B sin? 2 (t + a) | є 


kı Co 
+ Нз 


— 2 k B? sin? 2 (t + а) | cos (t + o) | 
+ kB H sin (t+ o) sin2 (t + а) [K — (1 — K) er] 
| (25f) 
This is the open phase voltage for any condition of 
transiency, 7. e., for any flux originally trapped in the 
armature at the time of short cireuit. For maximum 
flux linkages a = 0 and all terms appear. For minimum 


€ = 


[Н cos 2 (t + a) 


{ [H2 k — 2k B H cos 2 (t + a) 


А T ss, % 

flux linkages a = 2 and that term containing the 
armature decrement does not appear. The steady-state 
voltage is obtained by neglecting all terms containing 
either the armature or field decrements. 


Appendix G | 
VARIATION OF ARMATURE INDUCTANCE WITH POSITION 

The object of resolving a sine wave of m. m. f. into 
two components is to obtain fluxes which are in space 
phase with the m. m. fs. In dealing with synchronous 
machines, resolution is made about the direct and 
quadrature axes, and the reactance of a single-phase 
armature winding in any position with respect to these 
axes, due to the space fundamental flux produced by 
the space fundamental m. m. f.; may be obtained as 
follows. 

Assume a single-phase armature winding with the 
axis of the winding at an angle y from the direct axis 
of the machine. When a current t of normal frequency 
flows through this winding a space fundamental m. m. f. 
of amplitude 


2 
А = -p kicost (1g) 
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is produced. The component of A in the direct axis is 


2_,. 
Ap = E k 4 cos у cost (2g) 
and the component in the quadrature axis is 
| Р 
Ао = ‘Aisin y cost (3g) 


3 


The m.m.f. in the direct axis produces a space 
fundamental flux in this axis proportional to the 
m.m.f. If there are no short-circuited secondary 
windings in this axis, the proportionality factor between 
m. m. f. and line-to-neutral linkages is 2,,,* or,ingeneral 
k Lade 


2 
Then, yp = E К? 4 x44 COS у cost (4g) 
Likewise, in the quadrature axis 
2 
Yo = 78. К? 4 Zag sin у cost (5g) 


The component of ур which is in space phase with the 
armature winding, thus linking the winding, is 


| 2 
Yı = Yp cos y = в k? Таа COS ү eos t 


И COE ЖО 
3 iza[5 +оо y] cost 


(6g) 
Also, the component of ү in space phase with the 
armature winding is 


V» 


2 
$ К? 4 £ag sin? Y cost 


2. 1 1 

g Pital g- g2 y | cos: (7g) 
The linkages due to the total flux in space phase with 

the winding is 


2 a a ad^ “a 
y= CLE nr m + = cos 2 ү Joos: (8g) 


The three-phase reactances, Zaa and Zag may be 
expressed in terms of the corresponding reactances for 
the single-phase winding in question. When a current 
2 flows in a single-phase winding, the alternating 


2 
stationary m. m. f., fundamental in space is 3 k times 
the rotating m.m.f. produced when a three-phase 
current 7 flows through a three-phase winding. If 
these m. m. fs. act on the same reluctance paths, the 
space fundamental fluxes will have the same relation 


*xaq is the three-phase reactance of armature reaction and 
applies here since the single-phase space fundamental m. m. fs. 
are expressed in terms of normal three-phase space fundamental 
m. m. f. 
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as the m. m. fs. The flux linkages, produced by the 
2 
single-phase current 2 will then be 8 k? times the linkages 


produced by the same three-phase current г, and 


2 
LAD = 3 k? Lad (9g) 


2 
and Laq = 3 € 2.5 (10g) 


Substituting these relations in (8g) 


x — 
y= == E a + fap 7A 2 a cos 2 y ] es: 
(11g) 


d | 
"The induced voltage is m . Thus, remembering 
that 2 is taken here as the amplitude of normal fre- 
quency eurrent: 


Г Zap + Lag 
е=1 о 


The coefficient of 7 sin tis the per-unit reactance of the 
single-phase winding due to the space fundamental flux 
produced by the space fundamental m. m. f., as a func- 
tion of position when both the rotor and stator are 
stationary. Since per-unit reactance of a stationary 
circuit at normal frequency is numerically equal to the 
per-unit inductance of the circuit, this coefficient 
gives also the per-unit inductance; and when used as an 
inductance, is independent of the relative motion of the 
rotor and stator. 

As pointed out in a previous рарег, the leakage 
reactance also varies with position as a second harmonic 
of the angular displacement of the winding from the 
direct axis, 2. e., 


Lup + 219 


TAD — X 
+ EP E eos 2 у Jsa t (12g) 


ÜLD — XL 


tL = 2 2 3. cos 2 y (3g) 

The total reactance may then be written 
= 008 0080 2 y (14g) 
where, tp = Zip + Lap (15g) 
and, Хо = tro + Lag (16g) 


Appendix H 


DECREMENT FACTORS 


Field Decrement. The theoretical basis for deter- 
mining this is given in the main body of the paper 
under "Fundamental Equations.” It is shown in 
Appendix C that the average field current—~. e., the 
d-c. component, spontaneously increases at short 
circuit to a value 
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їр + V Хр’ XQ’ 
Lp’ + у Хр’ XQ’ 
times the value existing immediately Lefore short 
circuit. Thus the increase in equivalent magnetic 
reluctance, as discussed in the above reference, is given 
by the same ratio, and the corresponding change in 
inductance is given by the reciprocal. Hence, assuming 
negligible armature resistance, as may Бе done without 
appreciable error in commercial machines, the field 
decrement factor is 
їр + vV p! XQ’ 
o, = — OT To (1h) 
tp’ + V xp’ Zo 
where c, is the open circuit, field decrement factor, 


Я 
W Lo 


go = 


where @ is the ohmic resistance of the field circuit, and 
£ the total inductance, in henrys, of the field circuit, 
corresponding to the condition of open circuited arma- 
ture, and w is 27 f, where f is normal frequency. 
These three quantities Я, £» and w are not per-unit 
quantities, but c, is. 

If appreciable resistance exists in the armature circuit 
the value of c; given by (1h) will be decreased to the 
extent (discussed under '"Fundamental Equations") 
which the equivalent inductance is thereby increased. 

It is of interest to note that in the ideal case of a 
laminated cylindrical rotor where 

LQ’ = XQ = Xp 


—— nÓl( 


equation (1h) reduces to о; = А a To (2h) 
! XD 


T he decrement factors (1h) and (2h) give, of course, | 


the average decrement, thus determining the direct 
component of transient current in the field, the envelope 
of the even harmonics in the field current, and the 
envelope of the odd harmonics of current in the arma- 
ture. It can be shown that these decrement factors are 
rigorous for the envelopes and average component 
referred to, for the assumed case of zero armature 
resistance. Thus the only error involved is the slight 
difference in wave shape, the peaks being correct. The 
same thing is true of the armature decrement, derived 
below, under the assumption of zero field resistance. 

Armature Decrement. The armature decrement ap- 
plies to the treatment flux linkages which happen to be 
caught and “trapped” in the armature circuit when the 
latter is short-circuited. It is, of course, altogether a 
matter of chance of rotor position at the instant of 
short circuit, whether such linkages shall be zero, 
maximum value, or some intervening value; that is, 
there may be or may not be an “armature transient," 
and when it occurs, it may have any value between the 
above limits. 

The value of trapped linkages is, 


y = k es cos о (3h) 
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The average current required to sustain these linkages 
is, by equation (9b) in Appendix B, | 


k eg cos а 
V Lp’ LQ’ 
Thus, the inductance to be used in the decrement 
factor is y + 10, or 
L = у tp! zo 


and the armature decrement factor is 


$9 = 


EE S 

V хр! Lo’ | 
where r is the per-unit resistance of the short-circuited 
armature circuit, and xp’ and хо’ represent the per-unit 
static transient inductance, (and also the corresponding 
per-unit reactance). 

The decrement factor c, applies to the 4-с. com- 
ponent of the total armature current, the envelope of 
the even harmonic currents in the armature, and the 
envelope of the odd harmonics in the field current. 


(4h) 


Са = 


Appendix I 
REACTANCES—DEFINITIONS AND RELATIONS 


synchronous reactance, three phase, line-to- 
neutral, direct axis, corresponding to open- 
circuited rotor windings. | 

reactance of armature reaction, thus due to the 
direct axis space fundamental air-gap flux, 
produced by three-phase currents. It is one 
component of £a. 

armature leakage reactance, three-phase, line-to- 
neutral, and is the other component of ху. 
Thus, 


S 
& 
| 


8 

е 

a 
| 


Lid 


Ха = Lad + Xia (1i) 


transient reactance, three-phase, line-to-neutral, 
direct axis, corresponding to the total leakage 
flux between the armature and field windings. 
It thus corresponds to the total flux linkages 
of the armature winding occasioned by the 
sudden application of three-phase currents, 
when the field winding is closed, such flux 
linkages being only those which generate 
voltage of fundamental frequency. It com- 
prises z,,—that is, the leakage flux of the 
armature— plus additional space fundamental 
flux which erosses the air-gap, and corre- 
sponds in amount to the field leakage flux 


ч 
e 
| 


produced by the induced field current. The 
latter component is denoted by x,, Thus 
Za! = Lia + Хаа (2i) 


Zp = total static reactance, single-phase, correspond- 
ing to the condition that, at stand-still, the 
direct axis coincides with the axis of the single- 
phase winding, and that the rotor windings are 
open-circuited. It thus corresponds to the 
total linkages produced by the armature 
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current under those conditions. It will, of 
course, have a different value if the single- 
phase winding is considered to be line-to-line, 
from that if the winding is taken as line-to- 
neutral, the per-unit value being about three 
times as much in the former as in the latter 
case. It is analogous to the three-phase 
total reactance za. | 
static reactance, single-phase, corresponding to 
the space fundamental flux, direct axis under 
the above conditions. It is a component of 
хр, and is analogous to the three-phase reac- 
tance of armature reaction Zaa. 
static armature leakage reactance, single phase, 
direct axis, corresponding to the conditions 
specified under xp. It is analogous to х; and 
is the other component of xp, that is, corre- 
sponds to all flux linkages not contained in the 
space fundamental. Thus, 
Xp = Lap + Tıp (3i) 
static transient reactance, single-phase, direct 
axis, corresponding to the conditions specified 
under xp, except that the rotor windings are 
short-circuited. It corresponds to the total 
leakage flux between the armature and rotor 
windings, and is thus analogous toga. It thus 
comprises zip, and some additional space 
fundamental flux crossing the air-gap and 
corresponding in amount to the field leakage 
produced by the induced field current. The 
latter component is denoted by Zap’. Thus, 
Lp’ = tıp + Land’ (41) 
The corresponding symbols for all of the foregoing 
ten quantities for the quadrature axis are denoted by 
the subscript q instead of d for three-phase quantities, 
and by Q instead of D for the static single-phase quanti- 
ties. Thus small letter subscripts indicate three-phase 
quantities, and capitals indicate static single-phase 
quantities. 
There are certain additional important relations 


TAD 


TLD 


Lp’ 


which exist between the above quantities. These 
relations will now be derived. 
Subtracting equation (4i) from equation (3i), 
Ұр — tp! = Yap — Lap’ (5i) 
and, subtracting equation (2i) from (1i), 
La — La’ = Yad — Yaa’ (61) 


Now the same space fundamental m. m. f., whether 
produced by a three-phase or a single-phase current, will 
produce in the same axis the same space fundamental 
linkages in a given winding. "Thus, since by definition, 
the product of £zag by the amplitude of a space funda- 
mental m. m. f. produced by a three-phase current 
direct axis will give line-to-neutral linkages of armature 
reaction, it follows that the product of x,,! by any 
space fundamental m. m. f. in the same axis will give 
line-to-neutral linkages. Hence, the line-to-neutral 
linkages, maximum value, due to a suddenly appearing 
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space fundamental m. m. f. Ap, the latter being pro- 
duced by a single-phase current, are, 

Vp = Ар Taa 
when the rotor circuits are open-circuited, and are, 

vo’ = Ap £as’ | | 
when the rotor circuits are closed. The line-to-line 
linkages would be k times these values, where k = 1.0 
for line-to-neutral, 1.73 line-to-line. Thus in general 


| Vp = k Ар aa (7i) 
and Yo’ = k Ap Zaa’ (8i) 
Subtracting (8i) from (7i), 
| Vp — фр’ = k Ар (хаа — aa’) (9i) 
But, by definition of z, Vp = ір p (10i) 
and Yp’ = ір Zp’ (11i) 
Subtracting these, 
Vp = Wp’ = tp (2р = Lp’) (12i) 


Equating (9i) and (12i), and substituting the general 
relation from (1c) between the amplitude of the space 
fundamental m. m. f. produced by single-phase current, 
and the value of the current, 


2/8 К їр (Zaa — Loa’) = їр (Lp — Lp’) 
Therefore, substituting (61), 


3 
Ха— Жа! = 2E: (Xp — 2p’) (131) 


Nomenclature 


Per-umt quantities, as outlined under ‘Discussion 
of Theory,” are listed and defined below. The general 
scheme of notation involves the use of capital letters for 
field circuit quantities, small letters for the armature. 

For the Armature. All voltages are expressed as a 
fraction of the peak value of normal armature voltage; 
currents, as a fraction of the peak value of normal 
armature current; flux, as a fraction of normal space 
fundamental flux, the latter corresponding to normal 
voltage at normal frequency on open circuit; linkages, 
as a fraction of the linkages corresponding to normal 
flux; inductance, as a fraction of unit inductance, the 
latter being defined by the ratio of normal linkages to 
normal current; and reactances (at fundamental 
frequency), as a fraction of unit reactance, the latter 
being defined by the ratio of normal voltage line-to- 
neutral to norma] current. 

For the Field. All voltages are expressed as a fraction 


of unit field voltage, 4. e., the direct voltage across the 


field corresponding to unit field current; currents, as a 
fraction of unit field current, 7. e., the direct current 
corresponding to normal a-c. terminal voltage on open 
circuit (no saturation); flux, as a fraction of normal flux, 
as defined above for the armature circuit; linkages, as a 
fraction of unit field linkages, the latter being defined 
as the linkages produced in the field winding by normal 
flux; inductance, as a fraction of that inductance which 
is defined as the ratio of unit field linkages to unit field 
current; reactance, as a fraction of unit field reactance, 
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which is defined as the ratio of unit field voltage to unit 
field current. 


With regard to the per-unit bases for field voltage and 
field reactance, it should be mentioned that there are 
other bases which, in certain cases, it might be more 
convenient to adopt. It is altogether a matter of con- 
venience. For instance, if it should be of greater con- 
venience to have symmetrical equations for the arma- 
ture and field, than to have, as in the present case, the 
calculated results of field circuit voltage come out in 
terms of the known excitation voltage, then unit field 
voltage might be taken as the voltage which unit field 
linkages would generate in the field winding at normal 
frequency. Unit field reactance and resistance would 
then be changed accordingly. | | 
A = amplitude of space fundamental of armature 

m.m.f. Specific values of A are: 
A, =m.m.f. in direct axis, produced by 
balanced polyphase current 
A, = corresponding value in quadrature axis 
А, = amplitude of m.m.f. produced by 
current at any instant in a single-phase 
winding. 
Ap = component of A, in direct axis 
Ag = component of A, in quadrature axis 
b = geometric ratio defined by the relation following 
equation (9) 

e = instantaneous value of any armature voltage 

eg = line-to-neutral voltage before short circuit 
ea = nominal voltage due to direct axis excitation 


e, = nominal voltage due to quadrature axis 
excitation 
Aeg = increment in e, induced by transient field 
current 
A€, = increment in e, induced by transient field 
current 


E = field voltage in general | 
Е = field voltage preceding short circuit 


1. = armature current in general 

I = field current in general 

I, = field current in direct axis winding 

I, = field current in quadrature axis winding 

A Ig = increment in I4 induced by transient armature 
current 

A I, = corresponding increment in I, 

I, = field current at the instant before short circuit 

k = voltage conversion factor for the short-circuited 
phase. k = 1 for line-to-neutral short cir- 
cuit, and — 4/3 for line-to-line short circuit 

Е, = similar factor for the voltage generated in the 
open cireuited phase 

l = inductance, in general, of the armature circuit 

l' = transient inductance of the armature, variable 
with respect to rotor position 

L = inductance, in general, of the field circuit 

£ = inductance, іп henrys, of the field circuit, with 


open circuited armature. That is, the to- 


DOHERTY AND NICKLE: SYNCHRONOUS MACHINES—IV 


Transactions A. I. E. E. 


tal field self-inductance. Not a per-unit 


quantity 

r = per-unit resistance of the armature circuit 

Я = resistance, in ohms, of field circuit. Not a per- 
unit quantity 

t = time, expressed as a fraction of the time corre- 


sponding to one radian at normal frequency. 
It is thus numerically equal to the elapsed 
radians 
х = armature reactance in general | 
= three phase, line to neutral reactance of arma- 
ture reaction, direct axis (See Appendix I) 
= three phase line to neutral armature leakage 
reactance, direct axis 
= ad + Lig = three phase, line to neutral syn- 
chronous reactance, direct axis 
three phase line to neutral transient reactance, 
direct axis 
static reactance single phase, corresponding to 
the space fundamental flux, direct axis. 
(See Appendix I) 
single phase armature leakage reactance, direct 
axis | | 
Lap + Lip = total static reactance, single phase 
direct axis. (See Appendix Г) 
single phase static transient reactance, direct 
axis 
The corresponding reactances in the quadrature axis 
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. are denoted by q and ©), instead of d and D. 


a = displacement between armature winding axis — 
and axis of field pole at the instant of short 
circuit. See Fig. 1 


B = angle between the axis of the short circuited 
winding and any open circuited winding 
considered 

y = angle between armature winding axis and direct 
axis at any біте і. See Fig. 1 

$p = flux in the direct axis due to current in a single 
phase winding 

фо = corresponding flux in the quadrature axis 

y = flux linkages in the armature, in general 

y; = flux linkages, produced in the armature by any 
transient armature current 

V», = armature linkages due to current in the field 
winding 

p  - ratio of open phase armature voltage to peak 
value of unit armature voltage 

Со = decrement factor of the field circuit, correspond- 


ing to the total self-inductance (i. e., with 


armature open circuited). It is thus, 
G 
= wW Lo 


where & is the total resistance (in ohms), £ is 
the total inductance (in henrys), of the field 
circuit; and w is the angular velocity corre- 
sponding to normal frequency—thus 2 т f. 
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Although, Q, £, and w are not per-unit 
quantities, со nevertheless is. The usual 
simple exponential is of the form 


? 


pu where t’ and tọ’ аге in seconds. In the 
present system ¢ represents the elapsed 
radians—*. e., time is expressed as a fraction 
of the time of one radian at normal frequency. 
Thus, referring to the exponent 

t’ t’ 


decrement factor of the field corresponding to 

the condition of single-phase short circuit. 
See equation (2) 

corresponding decrement factor of the armature 

circuit. This factor is on a per-unit basis 

similar to со. It is merely the ratio of per- 

unit r to per-unit x. -If these were each 

= multiplied by unit ohms, and in the resulting 

ratio of resistance to reactance the factor w 

were taken out of the reactance, the decre- 

ment factor would be back on the usual basis. 

w = 2 v f,wheref = normal frequency 


бу 


Са 
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Discussion 


C. H. Linder: In Synchronous Machines—Part IV, mathe- 
matical relations are presented which permit the calculation of 
the short-circuit currents and voltages at the instant of single- 


Fig. 1—ARMATURE CURRENT; THE SHORT CIRCUIT OCCURRING 
AT THE INSTANT oF Maximum LINKAGES WITH THE SHORT- 


CIRCUITED PHASE 
Upper curve— Test 
Lower curve—Calculation 


Fig. 2—FigeLD CURRENT; THE SHORT CIRCUIT OCCURRING 
AT THE INSTANT OF MAXIMUM LINKAGES WITH THE SHORT- 


CIRCUITED PHASE 
Upper curve—Test 
Lower curve—Calculation 


phase short circuit, and at any time thereafter. Experimental 
data are included in the paper which check the calculated curves 
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accurately for both round-rotor and salient-pole machines at 
single-phase short circuit. | | 
Additional evidence is presented in the accompanying Figs. 
1 to 5, with particular reference to the correlation of test and 
calculated curves, for armature current, field current, and open- 


Fig. 3—Orren-PHASE VOLTAGE; THE SHORT Circuit Oc- 
CURRING AT THE INSTANT OF Maximum LINKAGES WITH THE 
SHortT-CiRCUITED PHASE І 


. Upper curve—Test 
Lower curve—Calculation 


Fie. 4—Open-Circuir VOLTAGE; THE SHoRT Circuit Oc- 
CURRING AT THE INSTANT OF MAXIMUM FLUX LINKAGES WITH 
THE SHORT-CIRCUITED PHASE 


Upper curve—Without the amortisseur winding 
Lower curve—With the amortisseur winding 


A comparison of the curves shows that the open-circuit voltage is con- 
siderably less with than without the amortisseur winding; so that the 
amortisseur is beneficial in reducing open-phase voltages at single-phase 
short-circuit. 


phase voltage, at single-phase short circuit on а salient-pole 
synchronous machine. The machine used to obtain the test 
data was rated: A T I 4-pole, 15-kv-a., 1800 rev. per min., 220 
volts. All short circuits were made from line to line at a sub- 
normal voltage, thereby eliminating any error in the test curves 
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due to saturation. Open-phase voltages were measured 90 deg. 
from the short-circuited phase; for example, in case the short 
circuit was between line 2 and line 1, the open-phase voltage was 
measured from 3 to zero. 


Fic. 5—FIELD CURRENT; THE SHORT CIRCUIT OCCURRING AT 
THE INSTANT OF MAXIMUM LINKAGES IN THE SHORT-CIRCUITED 


PHASE | 
Upper curve—Without the amortisseur winding 

Lower curve—With the amortisseur winding 

The variation in field current is less with than without the amortisseur 
This is because the amortisseur winding acts as a 
cushion for the field, having induced in it a voltage which is otherwise 
induced in the field. | 


В. A. Behrend: Mr. Doherty has succeeded in elucidating’ 
one of the most important and intricate problems in a-c. circuits 
by a method of approach which makes a great appeal to the 
engineering mind. Simple and natural as it may seem it was an 
ingenious suggestion to treat the initial value of the short-circuit 
current of a synchronous or induction machine by assuming a 
circuit without resistance and introducing this resistance later 
to account for the decay of the short-circuit current. The 
general law which Mr. Doherty has developed and which he 
calls the “law of linkages" and for which he has given a general 
proof, is henceforth going to be a great help in solving engineer- 
ing problems. In this present paper he has shown further how, 
by introducing a rather large number of factors, he is able to 


‚ account in every detail, not only for the initial current, but 


also for the entire form of the decaying current wave. The 
striking agreement between his calculations and the records 
of the oscillograph are most interesting. 

In actual practical calculations it may be advisable to sacrifice ` 
in completeness of calculation in order to gain in simplicity. 
The total errors involved may be no greater by pursuing such a 
course than by attempting to take into account every phase 
of the problem. However, much depends upon the taste of the 
individual designer and a method suited to one may not suit 
another. 

Robert Treat: These papers on the reactance and behavior 
of synchronous machinery indicate that we are coming closer to 
a complete understanding of what goes inside of a synchronous : 
machine. They do not indicate, to my mind, that we shall 
forever be burdened with the complication which a cursory 
examination of them would indicate. I believe that further 
study will show that for certain classes of calculations our solu- 
tions can be reduced to practically the same simplicity that 
they had years ago, but with this important difference; where 
before omissions were made because of our ignorance, in future 
they will be made because of our understanding that they have 
an insignificant effect on the result. 

The operating engineer is interested in the internal processes 


Feb. 1928 


of a synchronous machine from several standpoints. Among 
others, I might name three particularly important ones: first, 
from the standpoint of the duty which they are going to impose 
on oil circuit breakers; second, from the effect they are going to 
have upon the relaying system; and third, he is recently becom- 
ing interested in the effects which the synchronous machine is 
going to have upon the stability of his system; whether they are 
going to stay in synchronism with all their fellows on his system 
at all times or whether they are going to fall out of step some- 
times, and if so, when, and under what conditions. 


In respect to the first two, particularly, this is a function of 
the short-circuit current which will flow. The short-circuit 
current in the system is caused by a voltage and limited by an 
impedance. The voltage is generated by the synchronous 
machines. The impedance is furnished partly by these machines 
and partly by the external circuit. 


In regard to the external circuit, we have for some time had a 
fair comprehension of the various characteristics which are 
important therein, of static apparatus in general, transmission 
lines, transformers, and so forth. But what went on inside has 
been a very considerable mystery. Not so very long ago oil 
circuit breakers were applied so far as interrupting capacity was 
concerned in terms of kilowatts installed in the station where the 
circuit breakers were put. A little later we distinguished between 
kv-a. supplied from salient-pole generators and from smooth- 
rotor generators. From that time we have progressed to a 
point where we now try to calculate as near as we know how the 
exact amount of current which the breakers may have to inter- 
rupt. It is a matter of considerable importance to an operator 
to know the amount of current which he is going to encounter on 
a short circuit in or near his power house. I mention only one 
effect. The electromagnetic stresses which he encounters in the 
bus supports and so forth vary not directly, but as the square of 
that current, hence, if his calculations of current are 50 per cent 
off, the results are over 100 per cent off. 

The remarkable agreement reported by Messrs. Doherty and 
Nickle between their calculated and test results indicates that 
this mystery of what is going on inside the synchronous machine 
is disappearing. The results reported in these papers will be 
simplified, I am sure, so that they can be applied to a determina- 
tion of what is going to happen in a system during transient 
disturbances and will, without any question, make the life of the 
operating engineers a little easier than it is now. If he can know 
how much short circuit is going to be encountered under all 
conditions with certainty, not only can his oil circuit breakers be 
determined with greater precision but, probably of more impor- 
tance, he will be able to predict what his relay system is going 
to do under the various conditions to which it will be subjected. 

W. V. Lyon: I should like first to congratulate the authors 
on the analysis they have made. However, I do not regard this 
analysis as the final word on this problem but only as a stepping 
stone to а more complete solution. For they, in order to make 
the solution come within our present mathematical ability, have 
neglected the losses in the circuit. That is, they have neglected 
them in determining the magnitudes of the currents and have 
later introduced them in order to obtain approximate values of 
the damping coefficients. This treatment seems to be quite 
satisfactory in the relatively simple problems that they have 
solved. Now it is a sure prediction that the mathematical 
difficulty which stands in our way to a more exact solution of the 
problem today will be removed tomorrow. One of the most 
promising ways of attacking transient problems is by means of 
the Heaviside operational method. It has proved of enormous 
value in solving problems dealing with static circuits and there 
seems to be no difficulty in extending the method to rotating 
machines. While speaking of mathematical difficulties it is 
interesting to point out that they are to a great extent removed 
if the d-c. exciting circuit is a polyphase one, for example, if the 
winding is arranged like a 3-phase symmetrical winding and has 
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direct current supplied between one terminal and the other 
two. terminals, which are themselves short-circuited. This 
system of excitation is assumed by Bekku in his recent analysis 
to which reference is made, see Fig. 6 herewith. 

I do not wish to be understood as detracting in the least degree 
from the excellence of this paper but I must nevetheless empha- 
size that it should be regarded as a stepping stone to a more 
complete solution of the problem. 


Fic. 6—PorLYPHASE EXCITATION 


There is one interesting point to which I should like to eall 
attention. You will observe that in the oseillograms shown in 
Fig. 12 and Fig. 17 the first peak of eurrent is highest, that the 
next two peaks are lower but are equal, that the next two are 
still lower but are also equal, whereas in the computed curve of 
current each peak is lower than the last. It would be interesting 
to know if the authors have any explanation of this. 

I should like to point out that the nearest approach to a 
uniform air gap is in à properly designed induetion motor. A 
rotor such as used in a turbo alternator does not have a uniform 
gap. Due to the effect of the slots which contain the field wind- 
ing the reluctance of the air gap may be somewhat more in the 
quadrature axis than in the direet axis. 

Although it is not partieularly important, I believe it might 
avoid some confusion if the damping coefficients were not repre- 
sented by the Greek sigma," inasmuch as this letter is used to 
represent the leakage coefficient of two coupled circuits,' and is 
thus an important constant in both the steady-state and trans- 
ient theory of such circuits. In fact, the so-called ‘‘transient 
reactance” which occurs in the solution of a polyphase short 
circuit of an alternator is the product of this leakage coefficient 
and the synchronous reactance, i. e., in symbols, X, = с X, 
I suggest that, following a very common practise, the Greek 
"alpha" be used as the damping coefficient.” 


7A 7B 
Fic. 7—EFrrect oF CONDENSER LOAD 


I wish to comment on the high potential that is observed across 
the open phase under the condition of single-phase short circuit. 
Two years ago we obtained oscillographie records during a 
single-phase line-to-line short circuit when the generator was 
loaded with three condensers which were used to simulate a 
three-phase cable. We found that with the condensers used 
both the steady and transient potentials across the open phase 
were about 50 per cent greater than when the condensers were 
disconnected. The steady-state oscillogram of this potential 
without the condensers and with them are shown herewith in 
Figs. 7А and 7B. Another interesting and more common ease 


1. B.A. Behrend. Induction Motors. 
2. See Doherty and Shirley, Reactance of Synchronous Machines and 
Its Applications, Trans. A. I. E. E., 1918, Vol. X X XVII, p. 1248. 
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is that in which the generator is connected to the line through 
transformers. Here the high potentials that would otherwise 
exist would be somewhat reduced due to the increased exciting 
current that a transformer takes when the applied potential is 
increased in this manner. 


I feel very strongly about the use of the term ''transient 
reactance.” To speak of the “transient reactance” of a genera- 
tor as has been done in the past is to my mind very unfortunate. 
Fundamentally reactance depends upon frequency, х = 2 тј Г, 
or in а more generalized form x = p L, where p is the so-called 
generalized angular velocity. If the frequency is omitted the 
term “reactance” in general is useless. Now in this problem of 
alternator transients there are in the simplest case armature 
currents of several frequencies, so that a logical mind is forced 
to ask what is this ‘‘transient reactance”? 


In analyzing some new phenomenon we often draw upon our 
past experience and use modified forms of well known terms with 
which to describe it, rather than invent new terms which will be 
distinctive. For example, the impedance of an a-c. circuit was 
ealled the apparent resistance and similarly, the product of the 
potential and current, VI, was called the apparent power. Now 
to anyone who is familiar with the simple theory of power in the 
a-c. circuit, it is apparent that the product VJ is not the power 
and this appellation of ‘‘apparent power” only befogs the under- 
standing. When the first attempts were made to calculate the 
transient current in an alternator at short circuit the underlying 
theory was very imperfectly understood and, following prec- 
edent, it was perhaps natural that a crude method should be 
devised which contemplated dividing an electromotive force by 
а reactance, just as would be done in the problem of the steady- 
state short circuit. 


If at this time we had been fortunate in having an exact 


analysis based upon reasonable assumptions, it is quite probable · 


that the term ‘‘transient reactance” would not have come into 
general use, but that the transient currents would be computed 
in terms of resistance, self and mutual inductances, and the so- 
called leakage coefficients. We are now beginning to realize 
that the theory of these transient currents cannot be expressed 
by such a simple formula as was at first proposed. It is interest- 
ing to note that Messrs. Durgin and Whitehead who suggested 
this term, ''transient reactance,” in 1912 apparently appreciated 
the complexity of the problem more than many who have since 
attempted to apply their method. This is what they say: 


“This paper is confined to demonstrating the existence of a 
characteristic of alternators provisionally named the transient 
impedance and to investigate the influence of the characteristic 

s . it seems evident that the current is limited by some 
reactance beside those contemplated in the original theory?". 

“The existence of a transient reactance, or rather the existence 
of complex reactions which are conveniently grouped and 
replaced by a single fictitious quality called the transient 
reactance is shown conclusively by the test results and has, 
indeed, been more or less clearly appreciated for some timo.*." 


At first the “‘transient reactance” was taken to be the so-called 
leakage reactance of the armature, but this conception has 
gradually changed until it is, as the present authors show, taken 
to be what might be called the ‘‘equivalent reactance” of the 
armature and field windings. That is, it is the reactance mea- 
sured on the armature side with the field winding short-circuited 


in the same way in which the equivalent reactance of а trans- · 


former or of an induction motor is measured. To quote from 
the paper by Messrs. Doherty and Shirley on Reactance of Syn- 
chronous Machines and Its Applications. the value of the tran- 
sient current at symmetrical polyphase short circuit is given by: 


3. “Transient Electric Phenomena and Oscillations,” Steinmetz. 

4. ‘Transient Reactions in Alternators,” by W. A. Durgin and R. H. 
Whitehead. 

5. Trans. А.І. E. E., 1918, Vol. XXXVII, p. 1209. 
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This is still founded on the idea that the transient current is 
determined by dividing a generated e.m.f. by a “transient 
reactance.” The symbol Z is rather indefinitely defined as “һө 
voltage per leg," but it seems to be apparent that it represents 
the phase e. m. f. on open circuit. Let us apply this method of 
analysis to the following problem. An alternator operating in 
parallel with others loses its field excitation due to a break in the 
field circuit of the exciter. The field winding of the alternator 
is still closed through the armature of the exciter. Directly 
after the armature current of the alternator reaches its steady 
value, which may not be much in excess of its full-load value, a 
polyphase short circuit occurs at the terminals of the alternator. 
The problem is to determine the transient current in the alter- 
nator. We have here a case in which there is no e. m. f. due to 
field excitation and furthermore there is no steady short-circuit 
current. If the theory of transients is no more perfectly under- 
stood than is expressed by the above equation it would be said 
that the transient current is zero, whereas, as a matter of fact, 
it may be nearly as great as if the polyphase short circuit had 
occurred before the alternator lost its field excitation. Ob- 
viously if this is true anything that fosters the idea that the 
transient current can be computed by dividing a generated 
e. m. f. by a “‘transient reactance” in a manner similar to that 
in which the steady current is determined, impedes our progress 
toward a true understanding of the problem. To the writer’s 
mind the very term ''transient reactance” does this by suggestion. 
Now while it is true that the problem of transient conditions in 
machinery is a complicated one at best it is also true that approxi- 
mate solutions can be obtained which are at once relatively 
simple and accurate. In some of these approximate solutions 
it so happens that one of the important constants of the machine 
is what is commonly called the ‘‘equivalent reactance.” This 
equivalent reactance is measured by applying potential to one 
of the windings and short circuiting the other, as is done, for 
example, in the case of a transformer or of an induction motor. 
It is now suggested that this same test be used in determining 
the so-called ‘‘transient reactance” of an alternator. It seems 
but logical that, if the same test procedure is followed in the 
case of a transformer, an induction motor, and an alternator, and 
the same use is made of the results of this test in solving steady 
and transient problems concerning the transformer and the 
induction motor and in solving transient problems concerning 
the alternator, this commonly determined constant of the ma- 
chines should have a common name. If this constant has a 


-eertain designation in one ease it should have the same designa- 


tion in all cases. When discussing the transformer and induc- 
tion motor the term “equivalent reactance” is used. This has 
come to have a definite and well understood significance. It 
certainly does not tend to clarify the understanding of the 
transient problem to call a similarly defined and measured con- 
stant of a synchronous machine by another name especially if 
this name itself suggests an erroneous conception of the problem. 
If the term, "equivalent reactance” is believed unsuitable for 
this commonly determined constant we should choose some 
other appropriate name, but let us at least be consistent in our 
nomenclature. 

Furthermore I predict that as the operational method is 
extended to the problem of machine transients the terms that 
will be used will be resistance and self and mutual inductance. 
At present I can only hope that use of the term ‘‘transient 
reactance” will be as fleeting as its name implies. 

6. The ratio of the transient currents in these two cases is the ratio of 
E to V, i.e., the ratio of the generated volts on open circuit in the first 
case to the terminal volts at the time that the short circuit occurs in 
the second case with no field excitation. This readily follows from the 


analysis given in the writer's paper, Transient Conditions in Electric 
Machinery, Trans. A. I. E. E., 1923, Vol. X LII, p. 157. 
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W.F. Dawson: It is out of the question to go through all 
of the detailed work indicated by these formulas as a preliminary 
to each design made, but when a group or line of machines is 
developed they naturally follow uniform proportions until they 
look more or less like brothers and behave as such. Of course 
no line is complete until there is reasonable assurance that 
detailed calculations of the ‘“‘reactance’’ will indicate values 
approximately as required. After these mathematical investi- 
gations, the thought naturally arises, Why do we do it? What 
application shall we make of the results? It has already been 
stated it is to give the operators a chance to select their oil 
switches and to protect their systems. This apparatus is 
selected from the knowledge of the reactance and on the assump- 
tion that the oscillograph waves of short circuit current will be 
sinusoidal. This assumption is approximately true in the case 
of turbo alternators having solid fields, but with laminated fields 
on short circuit, the wave shapes are often contracted consider- 
ably at the base. This means that if the oil switches and other 
apparatus are selected on the basis of thermal capacity they will 
be larger than necessary. 

What I consider as another error in the interpretation of 
_ oseillographs is the projection of the crest envelope to the instant 
of short circuit and assuming the maximum current to be the 
intersection point instead of the top of the first wave which 
` occurs from М to 16 cycle later and which is usually 10 to 15 
per cent less than the intersection point. It is not the intersec- 
tion point but the altitude of the maximum wave crest which 
determines the mechanieal stresses. 

It seems reasonable to expect the Standardizing Committee 
ultimately to take cognizance of these important details and that 
the selection of oil switches will depend upon the actual r. m. s. 
of the wave shape, so far as thermal capacity is concerned, and of 
the maximum altitude of the first wave so far as mechanical 
strength is concerned. 


H. M. Hobart: To get curves to coincide as nicely as in 
Fig. 16 between the estimated and the observations by the oscillo- 
grams seems to me marvellous. Twenty years ago I never 
dreamed that any such command of the subject would have been 
possible. Any price is justifiable to have such a command of 
predetermination of these characteristics of dynamo-electrical 
machines. 

The comparison given in Fig. 16 between the predetermined 
curve of the transient field current, and the curve actually 
obtained with the oscillographs, is extremely interesting and 
remarkable as proof of the great progress which has been made 
in obtaining a quantitative knowledge of these complicated 
occurrences. 


H. H. Spencer: Messrs. Doherty and Nickle treat at con- 
siderable length decrement factors but their eq. (9) does not take 
any attenuation into account. I should like to ask if they will 
explain how these entered into the calculations of curve 11 or 
subsequent curves which show a very sharp decrement of 
successive peaks. | 

R. E. Doherty: If I have interpreted the discussion cor- 
rectly, Mr. Behrend’s impression is that the results, while 
apparently of an accurate nature, are nevertheless too compli- 
cated to be of much use. Now the results are really not com- 
plicated, even if some of the equations leading up to them are. 
For instance, the relations shown in Fig. 9 and in eqs. 9 to 18 
inclusive do not appear so. 

But suppose they are so considered, what is the justification? 
It certainly is not, as Mr. Behrend suggests, to exact the last per 
cent of accuracy in those problems which already may be solved 
within practical engineering accuracy. None of us wishes to 
increase the engineer’s already heavy burden of numerical 
calculation. On the contrary, my own experience as a designer 
places me in sympathetic agreement with Mr. Behrend’s appeal 
for simplicity in such matters, and I have spent many hours in 
affecting simplified ealeulations. But mere accuracy is not the 
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objective here. Progress makes it necessary o answer new 
questions and calculate characteristics which have not been 
extensively dealt with. A sound theory, as indicated by the 
close agreement of test and calculation, makes it possible to . 
answer such questions and to calculate such characteristics with 
some degree of confidence. And that is the justification for any 
relative complication which may appear in this work. 


In stating that “damping” is of comparatively little impor- 


‘tance, Mr. Behrend is probably right, in so far as he is considering 


only those results, such as mechanical force, which may depend 
on the first impulse. But in other connections, such as circuit- 
breaker ratings and synchronizing power following short circuits, 
damping is of very great importance. 


Mr. Behrend mentioned the oscillograph. The function of 
this instrument is to record not merely the general shape, but 
also the magnitude. The short-circuit curves are accurately 
indicated by the oscillograph, and in the figures which are given 
in the paper the magnitude checks as wellastheform. For much 
higher frequency—say 10,000 cycles per second—the ordinary 
oscillograph records would not be reliable, but they are for such 
phenomena as are shown here. 


With reference to Mr. Dawson’s remarks: I understand that 
his statement that ‘‘Everything is being based on the assumption 
that the wave shape is sinusoidal,” refers to the usual inter- 
pretation of oscillograph records—such, for instance, as dividing 
the peak value of an off-set wave by 2 « 2 to obtain the r. m. s. 
of the a-c. component. He is right that such a procedure is 
incorrect unless the wave is sinusoidal, and usually it is not. 
Relations between the peak current and other values are given 
in Appendix B. 

However, I could hardly agree with his statement that the 
“theoretical value" at zero time “‘is no good." It may not be, 
for selecting oil switches, but there are other uses and reasons for 
knowing it. This matter is one of the major points of the com- 
panion paper by Park and Robertson. 


Mr. Dawson’s comments and predictions at the close of his 
discussion would have been in order 15 years ago; but I am not 
aware that anyone nowadays selects circuit breakers on the 
basis of the initial current, corresponding to what he terms the 
“theoretical reactance,” 7. e., transient reactance. Many years 
ago standard decrement curves were adopted as a first step 
toward a rational method of selecting circuit breakers. We 
must keep the transient reactance, but we must use it properly 
in connection with decrement factors, ete., to obtain the desired 
result. | 


In reply to Mr. Spencer’s question, the decrement factors are 
derived in Appendix H, and applied in Appendices B and C, 
under Transient Currents. Also the simplified forms of equations 
are given in Appendix A. 

Unlike Mr. Behrend, Professor Lyon believes there are yet 
more details which should be included in the theory. In deter- 
mining the magnitude of the initial currents, we have neglected 
resistance, and have made an approximation in taking it into 
account in the decrement factors. While the calculated results 
appear satisfactory, there is no question about the desirability of 
including all factors rigorously. As stated in the paper, no one 
has yet done it in the general case, but we hope and trust that 
Professor Lyon will be able to do this. 

The slight variation of the test curves from calculated curves 
in Figs. 12 and 17 is due, as explained in the title of Fig. 17, to 
the fact that the magnetic linkages were not quite zero, as as- 
sumed when the short circuit occurred. 

Professor Lyon feels strongly that the term ‘‘transient 
reactance” should be abandoned. Perhaps a better name could 
have been found when this term was first proposed, or even later 
in 1918 when I endorsed it after consulation with a number of 
interested engineers, including Dr. Steinmetz; but a more appro- 
priate name did not appear. Nor has any since that time, in 
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my opinion. Certainly ''equivalent" reactance is not better. 
There are already too many “equivalent” things. 

The term ‘‘transient reactance” is not illogical, inasmuch as 
it indicates the nature of the phenomena to which it is appli- 
cable. In this respect, it seems quite as logical as the term 
“synchronous reactance.” Certainly, no one would interpret 
the latter to indicate that the reactance is, itself, ‘‘synchronous,”’ 
but merely that it is the reactance which applies to certain 


.conditions of synchronous operation, 7. e., steady-state conditions. 


Until a more significant and appropriate term than ‘‘transient 
reactance”’ is available, it would seem convenient and desirable 
to continue its usage. 

With regard to the specific problem given by Professor Lyon, 
the solution in terms of open-circuit voltage, transient reactances, 
ete., is quite simple. Let 


19 = armature current while the machine is connected to the . 


bus. 
ха’ = transient reactance line to neutral. 
ха = synchronous reactance line to neutral. 

If the machine is removed from the bus and immediately 
short-circuited, the short-circuit current will be the same as if 
the short circuit occurred while the machine was still connected 
to the bus. When the machine is disconnected from the bus, the 
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induced field current or nominal voltage is, as shown in Synchro- 
nous Machines IIT, 
ea = 1o (ta — 24) | (1) 
Since on open circuit, the nominal voltage is numerically equal 
to the terminal voltage, assuming no saturation, 


E = і (ta — Za’) (2) 
Then when short circuit occurs 
E = , 
jac qo (3) 
Ta Zd 


When the machine is connected to a bus of voltage, E;, the 
current, to, is 


to = — (4) 
Ta 
Then 
E E 
i = — -— (5) 
Ta 24 


As pointed out in the discussion, this current may be nearly as 
large as if the machine were short-circuited at no load and at a 
voltage, E,. The difference is merely the current which existed 
before short circuit. 


The Calculation of the Armature Reactance of 


Synchronous Machines 
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Synopsis.— T his paper presents new and simplified formulas for 
the armature leakage reactance of synchronous machines, and com- 
pares the results obtained with tests on 100 machines of varied types. 
The new formulas are characterized by novel expressions for the 
end leakage and for the ‘‘air-gap’’ or ‘‘differential leakage" reac- 
tances. Formulas for zero phase-sequence reactances are also 


I. INTRODUCTION 
HE growing interest of operating engineers in 
machine reactances, (as system stability and short- 
circuit phenomena become continually more 
important), together with the recent advances in the 
theory of synchronous machines, make renewed con- 
sideration of the subject of reactance calculation 
opportune at the present time. Papers on this subject 
have appeared in the JOURNAL’S pages at intervals over 
a period of more than 20 years, each paper marking a 
further refinement of methods and an advance in 
accuracy. At first, it was customary merely to estimate 
the numbers of leakage lines per ampere inch of em- 
bedded and free conductor, and multiply them by the 
respective lengths to obtain the reactance. Later, the 
reactance was segregated into several distinct elements 
that were separately calculated. These calculations 
due to their greater importance and in this case, the 
possibility of more accurate tests have reached greater 
precision in connection with induction machines 
than with synchronous machines. Adams! 13-4 first 
developed formulas for induction motor reactances, and 
later Fechheimer? and Doherty and Shirley? developed 
formulas for synchronous machines. In 1926 Doherty 
and Nickle? presented some fundamental extensions 
of the theory of synchronous machines, and proposed 
new, more precise, definitions of armature leakage 
reactance and of armature reaction reactance. The 
present paper adopts these new definitions and develops 
simple formulas for the accurate calculation of the two 

quantities, for salient pole machines. 

The reactance of armature reaction is here defined as 
the reactance due to the fundamental sine wave of 
air-gap fiux produced by the armature current acting 
alone. It is calculated by means of the curves derived 
by Wieseman? from flux plots. There are two distinct 
values for it, the direct axis value occurring when the 
axis of armature m. m. f. coincides with the pole axis; 
and the quadrature axis value, occurring when the axis 
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given. The definitions of armature leakage and armature reaction 
reactances used are those proposed by Doherty and Nickle in 
1926, and as a result the leakage reactance has a much smaller value 
than has heretofore been assigned to it, thus requiring a rather 
fundamental revision of the ordinary conceptions of the flux den- 
sities existing in the various parts of a loaded synchronous machine. 


of armature m. m. f., is midway of the interpolar space. 

The armature leakage reactance is defined as the 
difference between the total, or synchronous, armature 
reactance and the above defined reactance of armature 
reaction. The distinction between the leakage and the 
armature reaction components of the total reactance is 


quite an arbitrary one, since no winding can have a 


definite value of leakage reactance except with respect 
to another winding. Some distinction of this character 
is very desirable, however, for convenience in calculat- 
ing the transient reactance, and for other purposes. 
The armature leakage reactance as above defined, is 
as nearly equal as may be, to that part of the total 
armature reactance which remains the same under 
transient as under steady conditions of operation. 


Following Adams’ treatment of the induction motor,. 
the armature leakage reactance of a synchronous 
machine will be divided into four parts; the slot, end, 
zigzag, and belt leakages. Formulas for each of these 
will be derived in turn. As the slot leakage has been 
quite satisfactorily treated by Adams" already, the 
discussion of it here will be abbreviated as much as 
possible, consistent with the derivation of a little more 
exact formula, and its extension to apply to zero phase- 
sequence currents. None of the other three elements of 
the leakage has been adequately treated by pre- 
vious writers, so they will be given more detailed 
consideration. 


The four divisions of the reactance found useful for 
induction machines are followed for the two reasons 
that they fit in very well with the new conceptions of 
leakage reactance, and that their adoption will tend to - 
unify the theory of the two types of machine. In 
particular, the total “air-gap leakage," due to harmonics 
of the air-gap flux, is segregated into the two parts 
called zigzag and belt leakage, respectively, in order to 
permit the effects of the independent variables, number 
of slots, and number of phase belts to be separately 
taken into account. 


All previously published formulas for zigzag leakage 
have involved the consideration of overlapping primary 
and secondary teeth, and so have inadequately taken 
into account the effects of flux fringing in the air-gap, 
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and have been inapplicable to synchronous machines. 
Also, older formulas for end leakage have been frankly 
empirical in nearly all cases. All new formula for 
these elements will be derived by considering the leak- 
age flux to consist of revolving magnetic fields, divided 
into a fundamental and a series of harmonics. In each 
case, the coefficient of the resulting formula will be 
derived from theoretical considerations alone, and no 
empirical multipliers will be used to bring the results 
into agreement with practise, although simplifying 
assumptions will be freely made as the occasion 
demands. 

Before proceeding to the derivation of the formulas, 
it is desirable to get clearly in mind the distinctions 
between the four elements of the leakage that have 
been specified. The end leakage reactance is due to the 
flux linking the end windings alone. The slot leakage 
comprises all of the flux crossing the slots due to the 
armature current, but does not include flux passing 
from tooth to tooth in the air-gap space. Evidently 
there is a slight error here, because the flux lines near 
the mouth of the slot do not pass straight across, but 
bulge outwards into the gap. The zigzag leakage 
comprises all of the space harmonics of the air-gap 
flux, due to the armature current in a one slot per pole 
per phase winding which induces fundamental frequency 
voltages in the armature. This includes the flux which 
crosses from tooth to tooth in the air-gap and interpolar 
spaces without actually reaching the field surface, and 
so takes up the leakage flux at the point at which the 
slot leakage left it. The belt leakage then comprises 
all the remaining fundamental frequency voltage pro- 
ducing space harmonics of the air-gap flux due to 
armature current. This last reactance is the additional 
reactance that an actual winding has above that which 
it would have if there were as many phases as slots per 
pole. Thus, the zigzag leakage reactance is due to the 
deviation of the armature m. m. f. wave from a sinusoid, 
caused by the limited number of slots, and the belt 
leakage reactance is due to the further deviation caused 
by the limited number of phases. 

The belt and zigzag reactances together have been 
appropriately called’ the ''differential leakage," since 
they are due to the deviations of the armature m. m. f. 
from the ideal sine wave. "They may also be called 
*air-gap leakage," since they represent the difference 
between the total and the armature reaction com- 
ponents of the fundamental frequency voltage producing 
air-gap flux. As the differential leakage reactance 
varies with the relative positions of the axes of the 
armature m. m. f. and the poles, the armature leakage 
reactance varies likewise, and has a slightly higher 
value in the quadrature than in the direct axis.’ 

Formerly, the air-gap flux due to the armature current 
was divided into two parts, that due to the armature 
reaction, and that due to “tooth tip leakage." The 
armature reaction part was intended to represent the 
air-gap flux produced by the armature that links the 
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field, but the determination of this flux was erroneously 
based on the linkages of the armature by the air-gap 
flux due to the field." The remaining part of the total 
air-gap flux produced by the armature was then called 
tooth tip leakage. As the new definition of armature 
reaction includes most of this latter flux, we have 
abandoned the name “tooth tip" and called the small 
remaining part, the synchronous frequency voltage- 
producing harmonic fluxes, “differential leakage," as 
just described. 

Bearing in mind these conceptions of the leakage 
reactances which we are going to calculate, we can now 
proceed to the derivation of the formulas. The four 
components of the reactance will be taken up in the 
order of their difficulty, and subsequently the results 
of their application to actual machines will be compared 
with tests. | 


II. SLOT LEAKAGE REACTANCE 


Only two-layer barrel-type armature windings in 
open slots will be considered in this paper, since the 
inferior electrical and manufacturing characteristics 


R--—4 


po 700077 


1—SLor LEAKAGE FLux PATHS 


Fic. 


of single layer windings have reduced them to a place 
of only historical importance in polyphase a-c. machines 
of American manufacture. 

Consider the slot shown in Fig. 1. All the flux 
crossing the slot returns below its closed end through a 
path of negligible reluctance, and none of it links any 
of the other slots. The leakage reactance in ohms per 
phase, due to this flux is then equal to the product of the 
following factors: 

1. The permeance of the path across unit length 
of slot. 

2. The embedded length of slot, or L 

8. The number of slots in series per phase, ог S/q 

4. The square of the number of series connected 


Z 
conductors in each slot, or (45) 
5. Therate of change of the flux, or 2 v f 


6. A constant to reduce linkages per second to 
ohms, ог 107? 
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The permeance of the path for flux A linking all the 
conductors in the slot of Fig. 1 is: 


AT ds А 
d0 21 lines per ampere per cm. length of slot 


And if the winding is full pitch, so that the currents 
in coil sides I and II are identical in magnitude and 
phase, the linkages per ampere produced by the flux in 
paths B and D are equal to the expression: 


4 T а, — а, 
10 8 w ) 


since with uniform current distribution over the height 
d,, the flux density distribution is linear and the linkage 
distribution is parabolie, while the average height of a 
parabola is one-third its maximum height. As all the 
flux through path C links one-half the total current, the 
linkages due to it are one-quarter as much as they would 
be if this flux linked all the eurrent. "The linkages due 
to C are, therefore: 


4 т de 

10 4w ) 
and so the total slot reactance of a balanced, full pitch, 
polyphase winding is equal to: 


8 T? qZ i 12 d + 4 d, — d; 
Xslot = qo 4D (S/a) ( S ) [ 12 w ] 


079 f Lq ZF 12d, +44, — а, 
ш 107 S [ 12 w | 


ohms per phase (1) 


For dimensions measured in inches, the constant 
0.79 becomes 2.006. The expression outside the 
bracket is a quantity containing factors common to 
many of the elements of reactance, and so it is con- 
venient to give it a special symbol, M, in future equa- 
tions. The bracketed expression is the "slot constant." 


For a fractional pitch winding, the currents in the 
two coil sides in some slots are not in phase, and so, a 
more detailed analysis must be made. If the current in 
coil side II lags that in I by 6°, then in the slot carrying 
the return conductor of I, in the bottom of another 
slot, there will be (under balanced conditions) a top 
conductor carrying current 6? ahead of the current in I. 
As the mutual inductance of I, with respect to II, is 
equal to that of II with respect to I, the out-of-phase 
component of voltage induced in each coil side by the 
other will be canceled by the corresponding out-of- 
phase voltage in the return coil side, leaving only the 
in-phase components of voltage to be considered. 

The total self-inductance of I is proportional to: 


zle +- ъ=] 
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and that of IT is proportional to: 


d, — d d, — d 
A [+ uo tht | 


1 2d, d 
- [4^ ts | 


while their — inductance is proportional to: 


[e t2] 


Hence, the total linkages due to the two currents 


0° out of phase acting together are proportional to: 


d, — d od, d 
[+ + [а Z +73 


(4 ds + d,— də) cos 0 
T 8 
Or, the slot m for this case is: 
oy (1 + eos 0) 2 а. 
— (8 cos 0 — 1). 


- 555 w 
When the winding pitch is 100 per cent, all the slots 


| = 
have 6 = 0 deg.; when the pitch is — —, ай the 


180 deg. 
slots have 0 = о ш. 


я and when the pitch is 


360 deg. 
сше, For intermediate 


-—, they all have 0 — 
pitehes, the slot constant varies linearly between 
these values. 'Thus, by plotting the function Ks 
against per cent piteh, where Kg is a broken line 
function having values equal to 


1 т T q—m. 
Ks = ә ( 1 + cos A at piteh, (2) 
m being any integer, (as shown in Fig. 2), and substitut- 
ing it in the expression for the slot constant, we have 
as the final equation for slot reactance: 


ds di 
Хы = М | zs (< +30) tin 


-&(-Ю] ә 


The third term in this expression is negligible, 
except for zero phase-sequence currents, unless there is 
a large space between the top and bottom coil sides, 
as in the case of a multi-speed machine with two 
primary windings. 


Ks) 
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The second term is very small, 
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unless the pitch is below two-thirds, so that only the 
first term is ordinarily of importance. 

The slot reactance given by (3), with the coefficients 
Ks of Fig. 2, applies when balanced polyphase currents 
flow in the windings. It is sometimes desirable to 
know the slot reactance for other conditions, however, 
as for single-phase, or for zero phase-sequence currents. 
These reactances can all be obtained from equation (3), 
if proper values of К» are used. The appropriate val- 


ues can readily be derived by the methods already 


employed, and therefore to save space the details of 


the work will be omitted here. The following table of 
special values of Ks covers most of the cases that are met 
with in practise. 

It will be noted that the single-phase line to neutral 
slot reactance of a three-phase winding is not half the 
reactance between lines, unless the winding pitch is 
exactly 0, 50 per cent, or 100 per cent. This is so 
because the mutual slot reactance between any two 
phases, A and B, is only zero when there are as many 
slots containing an A coil side in the bottom and a 
B in the top as there are slots containing a B coil side 
in the bottom and an A in the top; a condition that 
always exists with two-phase, but that only occurs 
with pitches of 0, 50, and 100 per cent with three- 
phase windings. As shown by Park, the line to 
neutral reactance of a three-phase winding is always 
equal to two-thirds of the positive phase sequence 
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TABLE I 
VALUES OF Ks FOR USE IN EQUATION (3) 


Winding pitch 
Connection Type of winding 0 1/8 | 2/8 1 
Ks values 

Balanced, three- 

phase.......... three-phase, 60-deg.belts| O |0.250|0.750/|1.00 
Line to neutral 

one-phase...... three-phase, 60-deg. belts | O |0. 500 0.500 | 1.00 
Line to line, one- 

phase.......... three-phase, 60-deg. belts | 0 | 0.250) 0.750/ 1.00 
Zero phase....... three-phase, 60-deg.belts| O |1.00 |0 1.00 
Balanced, three- 

phase...... ;....| three-phase, 120-deg. belts | O 375|0.750|0.750 
Line to neutral 

one-phase...... three-phase, 120-deg. belts | 0 |0.250/|0.500/|0.500 
Line to line, one- 

phase.......... three-phase, 120-deg. belts | О 375|0.750|0.750 
Zero phase....... three-phase, 120-deg. belts | O | 0 0 0 
Balanced two- 

phase.......... two-phase, 90-deg. belts O |0.333/|0.667,1.00 
Line to line, one- ! 

phase.......... two-phase, 90-deg. belts О 10.333 | 0.667|1.00 
Zero phase....... two-phase, 90-deg. belts О | 0.333 | 0.667 / 1.00 


a Oe ES | ES | A TS er ES 


For intermediate valuzs of pitch. Ks varies linearly between the tabu- 
lated values. 


reactance, plus one-third of the zero phase sequence 
reactance. 


III. END LEAKAGE REACTANCE 
The leakage reactance of the end windings will here 
be considered as due to two kinds of field. The first 
kind is a revolving magnetic field of the same nature 
as those that are produced in the core length. This 
field flows in planes perpendicular to the shaft, and is 
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Fig. 3—AXIAL LEAKAGE FLUX or END WINDINGS 

due to the axially directed and winding currents only. 
Hereafter it will be designated as the “peripheral 
leakage field." The second kind is due to the periph- 
erally directed end winding currents, shown in Fig. 4, 
which produce a leakage field flowing in radial planes, 
as indicated in Fig. 3. This will hereafter be called the 
“axial leakage field." The peripheral leakage pre- 
dominates for synchronous machines with barrel type 
windings. With single layer chain type windings, the 
axial leakage flux is greatly increased, and so becomes 
the greater of the two. For induction machines, the 
peripheral leakage is greatly reduced by the proximity 
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of the primary and secondary windings, and so the 
axial leakage usually predominates. 

The procedure will be, then, first to find the per- 
meance of a cylindrical air core to a sinusoidally dis- 
tributed encircling m. m. f., second to find the effective 
m. m. f. of this character produced by the end windings, 
third to determine thence the reactance due to the 
peripheral end leakage flux; and, finally, to determine 
the additional reactance due to the axial leakage. This 
completes the story for a salient-pole synchronous 
machine, where there is no mutual inductance between 
the armature and field end windings. For induction 
machines, however, the further step of subtracting the 
mutual reactance of the two windings from the sum 
of their total reactance is necessary. 

As shown by earlier writers?$:9, the total flux per 
pole produced in a circular air core of one cm. axial 
length by a sinusoidal m. m. f. distributed around the 
periphery is equal to just twice the maximum m. m. f. 
in gilberts. Or: 


4тА 
& = (^15 (4) 


This equation assumes the flux to lie entirely in air 
on one side of the periphery of the core, and entirely 
in iron of high permeability on the other side. It makes 
no difference whether the air is on the inside or the out- 
side of the core, and neither does it make any difference 
what the radius of the periphery of the coreis. If there 
is no iron present, so the flux paths lie entirely in air, 
both inside and outside of the m. m. f., the. reluctance 
is doubled, and so: 


Е 4т дА 
Ф = 10 


(5) 


The flux per pole produced by the same m. m. f. 
acting on a uniform air-gap of length g is equal to: 


STAD 


And, therefore, the ratio of the flux produced by 
a given sinusoidally distributed m. m. f. acting on the 
periphery of an air cylinder of diameter D, with air 
outside, as well as inside the cylinder, to the flux 
produced by the same m. m. f. acting on a uniform air- 
gap of length g, is equal to: 


where P is the number of poles of the m. m. f. 


The magnetizing reactance due to the air-gap flux 
of an induction motor with uniform air-gap g is equal to 
the product of the following factors: 

1. The volts per phase due to unit flux per pole; 

2. The flux per pole due to unit armature reaction; 

3. The maximum of the sine wave of armature 
reaction per ampere in one phase. 
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The first of these factors is given by the familiar 
expression: 


V T 
s abs Ж /К„К«2710-% (8) 
The second factor is: 
$ Sr DL 
A ^ 10gP (9) 
and the third* is: 
A E 292 K,Ki; 
Io TP V2 (10) 


The product of these three factors gives the magnet- 
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izing reactance of a polyphase armature winding in 
ohms per phase: 
STQÍDLZ'K,Kg 


Xa = Рз g 10° 


0.819 KZ K2 DSM 
— Py an 
The ratio of the axial length of the end windings on 
both ends of the machine to the core length is: 
tp D tan а 
PL : | 
where p is the fractional pitch, and a is the angle 
indicated in Fig. 4. 


(12) 


“К. R. ‘Lawrence, 


"Prineiples of Alternating-Current 
Machines," page 108. | 
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Multiplying together (7), (11), and (12), the leakage 
reactance of the end windings due to the fundamental 
of the peripheral field only is: 


X.. "АТС » 


Tut p D S Ketan a 

[Por Fo-u|[ | r ro 

(13) 
where F (p) is that function of the winding pitch that 
corresponds for the coil end projection length to the 
function K,? over the core length. The distribution 
factor K, is the same for the end windings as for the 
core portion, due to the unvarying widths of the phase 
belts. 

To evaluate F (p), consider an elementary section of 
the end windings at a distance x from the outer end, as 
indicated in Fig. 4. If x is expressed as a fraction of 
the total axial winding projection on one end, the pitch 
of the winding at any point is equal to p x. Therefore, 
the square of the ratio of the m. m. f. at any point to its 
value in the core portion is, 


ao DAL 
sin? 5, 
and accordingly the value of F (p) is: 


p T — SN рт 
dx = 2px (14) 


1 
F (p) - f sin? к 
б 


To evaluate the additional end reactance due to the 
irregular peripheral space distribution of the end wind- 
ing m. m. f., we may proceed as follows: The ratio of 
the nth harmonic flux per pole in an air core to the 
fundamental flux per pole is n times greater than the 
same ratio for a uniform air-gap, (from equations (5) 
and (6)). Forafull pitch winding with a large number 
of slots per pole, the reactance due to the nth harmonic 
is therefore approximately 1/5? times that due to the 
fundamental for an air core, and 1/n* times the funda- 
mental for a uniform air-gap, the latter ratio being 
derived in the section of this paper on beltleakage. The 
sum of the values of 1/2? for all the harmonics present 
in a full-pitch polyphase winding with an infinite 
number of slots is equal to 1/K ?.1 The actual effect 
of the harmonies is less than this for windings with 
pitches a little less than 100 per cent, and greater for 
very short piteh windings, but these errors are not 
important. The tooth harmonics due to the concen- 
tration of the m. m. f. in a small number of conductors 
are smaller in the end windings than in the core, since 
the finite slot depth makes the actual length of flux 
path much greater for the higher harmonics than in the 
ideal case, for which the formulas are derived, where the 
m. m. f. is concentrated in a cylinder of zero thickness. 
Thus, the increase in end leakage reactance due to 


Silberstein, *Synopsis of Applicable Mathematics,” p. 87. 
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harmonies may be approximately taken care of by 
simply omitting the factor K ? in the first member of 
equation (13). 

The component of end leakage reactance due to 
axial flux may be evaluated by considering the periph- 
eral components of the end winding currents at any 
fractional distance x from the outer end of the winding, 
as indicated in Fig. 4. The peripheral currents in the 
upper and lower layers of the winding are out of phase 
in time by an angle equal to рт x, which differs by т 
from the phase difference between the axially directed 
components of the same eurrents. "Thus, the resultant 
peripheral current at any point is proportional to 


PTX 


2 The center of gravity of this current area 


COS 


is accordingly located at a distance from the end of the 
core equal to: 


E 1 = 


у P T t 2 
TpDtana Ü did 6 * 
2P ED pT хт 

cos dx 

L 4 : 

B 7pDtano(2tanpm/4 

i 2P ( DT ) 

Е тэра (1+ E) 
approx. (15) 


We will now make the assumption that the axial end 
leakage reactance is the same as if the peripheral current 
were concentrated in a conductor of circular cross- 
section at each end of the machine at the distance 
from the core ends given by (15). The proper diameter 
of cross section to assume for these conductors is evi- 
dently greater than the depth of primary slot, and less 
than the axial length of the end projection on one end. 
For reasons of simplicity, we will assume this diameter 
to be one-half the axial projection at each end, or, from 
(12): 

m p {апе 
UMP (16) 

As the peripheral current extends over a radial depth 
equal to the depth of primary slot, the equivalent 
diameter cannot be less than this. Hence (16) is 
really based on the assumption that the primary slot 
depth is about equal to one-third the axial end pro- 
jection, and if wide variations from this relationship 
occur, then (16) will be correspondingly in error. The 
effect of this error is to make the calculated reactance 
too high for very deep primary slots and too low for very 
shallow slots. However, since only the logarithm of 
this effective diameter enters the final equation, a 
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considerable error in the diameter makes only a small 
error in the result. | 

The current in this conductor varies cyclically round 
the periphery, its r. m. s. value for a full-pitch winding 


being 3.75 times the total axially directed current in 
one pole pitch, or: 
( 1 ) (AAS en 
Ір = (—= ) (———— 
2/2 т 
qIZEK,K, 
GENE S (17) 


We will neglect the leakage flux that enters the ends 
of the armature core in an axial direction, as it is 
largely canceled by opposing eddy currents in the 
punchings, that are entered broadside on. Then, the 
peripheral currents at the two ends may be considered 
as flowing in a pair of parallel wires separated by a 
distance twice that given by (15). 

Assuming the air-gap diameter, D, large compared 
with this distance, the problem reduces to that of cal- 
culating the reactive kv-a. of a single-phase trans- 
mission line consisting of round wires of a diameter 
given by (16), separated by a distance twice that 
given by (15), of a length т D, and carrying a current 
per conductor given by (17). The inductance of such 
a lineis equal to: 


2aD 1 
—10 [5 +21n4 (1 + p/5) | henrys 


which is practically equal to: 
4 T Р (8.2 + 9?) 
(5) 10° 

The total reactive volt-amperes due to the axial end 
leakage flux are, therefore, equal to: 
18.1/4 D Ke К? Z* (1 + 0.12 р?) 

10° P? 

Adding (19) to (13), and dropping the К. factor of 


(13) as previously explained, we obtain for the total 
end leakage reactance: 


pDStanoF pDStanaF (p) 
Ama = ир зана 2PL 


(18) 


Xga = (19) 


K2 KDS 4+0.12p) ~ 
~ GPL | ш 


We will take a = 60 deg., a value higher than the 
usual angle of the ends, but one that checks the mean 
length of conductor on most windings, and so one that 
allows something for the straight portion beyond the 
core. Equation (20) then reduces to: 


0.3 M DS (8p — 1) 


X End = Р? І, 
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very closely. The substitution of 0.3 (8 p — 1) for the 
complicated function of pitch given in (20) is justified 
by the comparison of the two values shown in Fig. 5. 
Over the ordinary range of pitches from 0.5 to 1.2, the 
agreement is very satisfactory. We will, therefore, 
adopt (21) as our final expression for the end leakage 
reactance of a synchronous machine with a barrel-type 
primary winding. 

Equation (21) gives the end leakage reactance, under 
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Fig. 5—END LEAKAGE REACTANCE COEFFICIENTS 
the condition of balanced polyphase currents flowing 
in the armature winding. As the derivation of this 
equation is based on the assumption that the end 
leakage fields are due to revolving m. m. fs., with 
nearly negligible space harmonics, the reactances for 
other winding connections may be taken as proportional 
to the corresponding values of armature reaction. 

On this basis, the coefficient 0.8 of equation (21) 
may be changed in accordance with the following table 
in the special connection cases: 


TABLE II. 
Value of coefficient 
Connection Winding for equation (21) 
Balanced polyphase....... two or three-phase 0.3 
Single-phase, line to neutral) two or three-phase 0.2 
Single-phase, line-to-line...| two or three-phase 0.3 
Zero рһаѕе............... three-phase, 60 or 120 
deg. dadas su ees 0 
two-phase 0.3 


Zero рћаѕе............... 
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IV. ZIGZAG LEAKAGE REACTANCE 


Inasmuch as the stator windings of polyphase 
machines consist of coils arranged in a finite number of 
slots and connected in a finite number of phases, usually 
two or three, the shape of the wave of magnetomotive 
force along the air-gap surface is not sinusoidal, even 
though the winding carries balanced sinusoidal poly- 
phase currents. At any particular instant the shape 
of the m. m. f. wave is stepped, the agreement between 
the stepped figure and a true sinusoid becoming closer 
and closer as the numbers of slots and phases are made 
larger and larger, until perfect agreement results when 
both the number of slots and the number of phases 
are infinite. 

As shown in reference 3, the air-gap flux produced 
by this stepped m. m. f. wave in a salient-pole syn- 
chronous machine consists of three elements: 

1. Afundamental sine wave stationary on the rotor, 
inducing fundamental frequency voltages; 

2. A series of harmonies moving with respect to 
the rotor and also inducing fundamental frequency 
voltages; and 

3. Other harmonies inducing other than funda- 
mental frequency voltages in the armature winding. 
Of these, 1 is the effect of the armature reaction, 2 
constitutes an element of the leakage reactance, and 3 
may be disregarded. Thus, if we now derive a formula 
for 2, we will complete the work of determining the 
armature leakage reactance. 

In the present discussion, to begin with, an ideal type 
of machine will be considered. The air-gap length will 
be assumed uniform, and the flux will be assumed to 
eross the gap radially. The slots will be assumed to 
have no real physical existence which might entail a 
variation in air-gap permeance, but will be assumed to 
be merely the points along the periphery of the machine 
at which the current is concentrated and at which, 
therefore, the m. m. f. changes. Under these conditions, 
the air-gap flux will vary along the periphery of the 
machine at any instant in a stepped wave shape exactly 
proportional to the m. m. f. at each point. 

If the flux wave produced by the stator currents 
alone be considered, it has been shown that the stepped 
wave of flux may be analyzed into a fundamental 
sinusoidal distribution of flux having the same number 
of poles as that for which the stator winding is con- 
nected, plus an infinite number of harmonic flux 
waves having different numbers of poles. There 
being no rotor currents by assumption, the magni- 
tudes of the fundamental, and of all of the har- 
monic fields, are proportional to the current in the 
windings, the back e. m. f. produced by these fluxes in 
the stator winding is proportional to the current, and 
the fluxes are truly self-inductive. 

The reactance due to these harmonic fields consti- 
tutes the ‘‘air-gap leakage," or ''differential leakage" 
reactance of the machine, which is usually divided into 
two parts, the “belt leakage" and the “zigzag leakage." 
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The distinction between belt leakage and zigzag 
leakage is that the former is due to the concentration of 
the m. m. f. in a definite number of phase belts, while 
the latter is due to its concentration in a definite num- 
ber of slots. No accurate dividing line can be drawn 
between the two kinds of leakage, as they are mutually 
dependent on each other, and as in the case of one slot 
per pole per phase, for example, they coalesce into the 
same thing. The reason for making a distinction is 
that, for ordinary design proportions, a change in the 
number of slots affects only the zigzag leakage, while a 
change in the winding pitch affects only the belt 
leakage, so that the independent effects of number of 
slots and of pitch can be more easily dealt with when 
the two parts are considered separately. 

Independent formulas will be developed for the belt 
and zigzag reactances, therefore, but it must be recog- 
nized that, whenever the number of slots per pole is 
small, the two are not separable, and the formulas 
become inaccurate. The only accurate way to obtain 
the total differential reactance is to compute it for 
each case separately, and tabulate the results. The 
computation of the total for any regular winding can be 
simply carried out by the means suggested by Chap- 
man. This has been done in Appendix A, wherein tables 
for some of the more usual regular windings are given. 

The definitions adopted will be as follows: 

The per cent differential leakage reactance is the 
total per cent reactance due to harmonic fluxes crossing 
the air-gap that are not of the fundamental number of 
poles. Or, it is the total excess per cent reactance, due 
to air-gap fluxes, above that of a similar machine, with 
an infinite number of slots and of phases. 

The per cent belt leakage reactance is the total 
excess per cent differential leakage reactance of a poly- 
phase armature winding above that of a squirrel-cage 
winding with the same number of slots. 

The per cent zigzag leakage reactance is the total 
per cent differential leakage reactance of a squirrel- 
cage winding, or of a winding with as many phases 
as it has slots per pole. 

In this section we will consider the zigzag leakage, 
or the harmonic fluxes produced by а squirrel-cage 
winding. It is shown in Appendix A by Chapman’s 
method that the total inductance of a full pitch winding 
with one slot per pole per phase, as a ratio to the 
inductance of one full-pitch coil is: 


oe 
2s" (22) | 
where s is the number of slots per pole. 

And, it is also shown in Appendix A that the total 
useful inductance of such a winding, due to the funda- 
mental flux it produces, as a ratio to the inductance of 
one full pitch coil is: | 


1 
Q = ps csc? 


4s 
Qu = 2 


T 


(23) 
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Hence, the zigzag leakage, X ,, is equal to: 
т? 
X: = Xa es cs? T/2 8 — 1) 


where X, is given by (11). 

As 7/2 s is a small angle, (24) may be developed into 
a series of which only the first two terms need be 
considered, so that: 


(24) 


\ 


mmc pps aq 25 25 
hos esl + 208 7 50a s 57^ ) (43) 
or, approximately: 
5X, 5/P 
Х. = 6а = e х. a 


Equation (26), then, gives the desired result, the 
total differential leakage reactance of a regular winding 
with one slot per pole per phase, or, by definition, the 
zigzag reactance of any winding with the same number 
of slots per pole. 
small for large values of s, but it makes the calculated 
value a little low when s becomes less than 3. The 
value of X, thus found applies to a single winding, and 
to the case of a uniform air-gap length. 

For the case of a salient pole synchronous machine, 
the zigzag leakage can be found from the same formulas 
if an equivalent uniform value of air-gap length can 
be ascertained. It has been shown by Doherty and 
Nickle? that the reactance due to the nth harmonic of 
primary m. m. f. depends on the average permeance, 
and on the second harmonie of permeance variation 
only, and that these two permeances have different 
values for each harmonic. "The effect of the variation of 
permeance due to the salient poles is to make the 
fundamental armature flux and the belt leakage flux 
greater in the main axis than in the quadrature axis, 
but to make the zigzag harmonic leakage fluxes greater 
in the quadrature axis than in the main axis. This is 
true because the predominating portions of the high 
order harmonic fluxes are produced at the points of 
maximum armature current, and these come over the 
pole faces (low reluctance) when the poles are in the 
quadrature axis, while they come over the interpolar 
spaces (high reluctance) when the poles are in the main 
axis. 

The average permeance increases with the order of 
the harmonic, since the shorter the harmonic pole pitch, 
the greater the relative permeance for the peripheral 
flux that reenters the primary iron without ever reach- 
ing the pole face. For the same reason, the second 
harmonie of the permeance variation is less the greater 
the value of n. 

The same authors have shown that the fundamental 
magnetizing reactance in the direct axis is proportional 
to: 

Kp? Ка Dy T 1/2 рә ), 
and that on the same basis the direct axis magnetizing 
reactance for the nth harmonic is proportional to: 


ALGER: SYNCHRONOUS MACHINES 


Ko, Kan (= Kan 


Clearly the error in the formula is. 
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where the plus signs are taken if the nth harmonic 
rotates backwards with respect to the fundamental, 
and vice versa. For the quadrature axis, the signs of 
the p; terms in both the fundamental and the harmonic 
magnetizing reactance expressions change sign. 

It may easily be shown that the product Ko, Konwe 
is always either negative or very small, and that 
Ka, Ka, .»1s always negative for the low order (belt 
leakage) harmonics, but is positive for the tooth 
(zigzag leakage) harmonics. Hence, the numerical 
values of the two terms in the foregoing expression are 
additive for the belt leakage, but are subtractive for 
the zigzag leakage, and the contrary is true for the 
quadrature axis. 


‘It is quite feasible to carry through the indicated 
numerical work for any particular case, using these 
general methods, but to do so for the general case is 
quite impractical. We will, therefore, make some 
bold assumptions at this point, with the object of 
obtaining a simple formula accurate enough for general 
use. First, we will assume average values for the 
permeance coefficients, corresponding to a two-thirds 
ratio of pole arc to pole pitch, a minimum air-gap two 
per cent of the pole pitch, and a maximum air gap 1.5 
times the minimum, as follows: 

P; = 2/8 po, ро = 1.2 p, and р“ = 1/8 p. 

On this basis, the nth harmonic magnetizing reactance 
varies about 15 per cent, above and below its average, 
between the direct and quadrature axes. We shall 
leave this relatively small variation out of account, 
therefore, and calculate only the average reactance, 
assuming it to be the same in both axes. Then, the 
ratio of the magnetizing reactance for the nth harmonic 
to the direct axis magnetizing reactance of the funda- 
mental is approximately equal to: 


Xan ‚9 Kp, Ka,? : 
Хаа n? Kp? Ka? 


Ko, +2 Kan 2 


ТО кетш n2 


n n 


Finally, we must take into account the fact that our 
ideal assumption of true rectangular m. m. f. waves for 
each coil is not exact. Actually, the m. m. f. of each 
slot is distributed across the slot opening, instead of 
concentrated at a point in the center of the slot, and so 
the steps in the m. m. f. waves are not vertical, but 
slightly sloping. This reduces all the harmonics ap- 
preciably, especially the higher order ones. We shall 
assume that the average effect of this error is to reduce 
the magnetizing reactance to 5/6 of its ideal value. 
Multiplying the last expression by this factor, therefore, 
we find the proper average value of X. to substitute in 
equation (26) is: 


(27) 


502 


V. BELT LEAKAGE REACTANCE 


The belt leakage reactance is due to the increase 
in differential leakage caused by reducing the number of 
phase belts per pole, q, to a small number. When the 
number of slots per pole is very large, this effect can 
be readily calculated, but as the slots are made fewer, 
the belt leakage increases to two or three times its 
limiting value. When the slots finally become equal 
to one per pole per phase, the belt leakage becomes zero, 
by definition. As the effect of the number of slots is 
further complicated by variations in the winding pitch, 
it is not considered practicable to present any adequate 
formula for the belt leakage in the general case. How- 
ever, as the belt leakage is small by comparison with the 
zigzag leakage, unless s is large, and as in this case the 
belt leakage formula is fairly accurate, these errors are 
not important. For accurate results, it is necessary to 
compute the total differential leakage reactance, and 
tabulate the results for all useful windings, as outlined 
in Appendix A. 

This is especially necessary in the case of fractional 
slots per pole, as here the belt leakage increases greatly, 
and as it varies considerably, depending on the partic- 
ular sequence of large and small numbers of slots- per 
phase belt employed. 

The harmonic fields corresponding to the belt leakage 
are of lower orders than those of the zigzag leakage, 
as the former are primarily due to the phase belts which 
extend over several of the slots to which the latter are 
due. Further, since all the harmonic fields must 
create fundamental frequency voltages in the producing 
winding, and since the nth harmonic has « times the 
fundamental number of poles, it follows that each 
harmonic must revolve with respect to the producing 
winding at one nth of fundamental speed. Therefore, 
the harmonic fields due to the primary winding induce 
high frequency voltages in the secondary, and, if the 
latter is short-circuited, produce damping currents in it. 


A regular phase winding, or a salient-pole field winding, . 


has so little admittance for these voltages that this 
damping effect can be neglected. But, in the case of a 
squirrel-cage, the induced currents are sufficient to 
greatly reduce the belt leakage harmonic fluxes. The 
zigzag leakage fluxes are only slightly reduced in usual 
cases, as the squirrel-cage admittance for these high 
order harmonics is small. 

Therefore, the primary belt leakage can be practically 
neglected in all machines with integral slots per pole 
per phase, having squirrel-cage secondary windings, and 
so we will assume for this case: 


Хь = 0 (28) 


For regular windings with an infinite number of slots 
per pole, the belt leakage reactance is the sum of the 
magnetizing reactances of all the harmonic m. m. fs. 
For synchronous machines the stator only need be 
considered, while for induction machines the stator 
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апа rotor belt leakage must be added to obtain the 


total. 
As a first step, it will be necessary to calculate the 


Xan i T 
ratio xX where Xa, is the magnetizing reactance 


of the nth harmonic. A measure of the effectiveness of 
the stator winding in producing fundamental flux is 
the number of turns in series per phase times the pitch 
and distribution factors for the fundamental number of 
poles, or: | 

N l = K Р К dj N 
in the same way the effectiveness of the stator winding 
in producing nth harmonic flux is measured by 

N n = Kon K dn N , 
where Kp, Ka, are the pitch and distribution factors, 
respectively, of the stator winding for the nth harmonic 
flux. 

If a voltage is applied to the primary winding and is 


first assumed to be opposed entirely by fundamental 


flux and then entirely by nth harmonic flux, the ratio 
of the magnetizing currents in the two cases will be the 
ratio of Ха, to Xa. 
If ¢ is the total flux per pole, then 
Ni 
Pn = $i “М? 
and if В is the air-gap flux density, then 
N 
В, = В, We 
since the area of each pole for the nth harmonic is 1/n 
times that for the fundamental. 
Since for the nth harmonic there are » times as many 
poles to magnetize as there are for the fundamental, 
the magnetizing current in the second case is: 


Ny 
I ma = I m] N2 n? 
And, as the magnetizing reactance is equal to the 
ratio of the applied voltage to the magnetizing current, 
the per cent nth harmonic magnetizing reactance is: 


1 Kon? Ka? ) 


n? K "Tu K ay” 29) 


% Xa, TER 


The total belt leakage reactance is equal to the sum 
of the magnetizing reactances of all the harmonics ex- 
isting with a definite number of phases, a definite 
winding pitch, and an infinite number of slots. It is 
well known that a winding with q phase belts per pole 
produces only those harmonics whose orders are equal 
to 2kq + 1. And, for all these harmonics, the dis- 
tribution factor with an infinite number of slots is 
simply equal to one nth of the fundamental distribution 
factor. Hence, we may write: 
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ia Ko, А 

Xs = X, У "Y (30) 

where n takes only the values 2 k q + 1; k = 1,2,8,... 

For a full pitch two-phase winding with 90 deg. phase 
belts, this is: 


1 1 1 
XB, = X, E RES gee £e.) 


п“ 


- (5 


(31) 


96 ^ 1) X, = 0.0147 X, 


For a full-piteh three-phase winding with 60 deg. 
phase belts, it is: 


: | 1 1 1 1 
Koy = х, (е е tae t) 


5 T^ 


1 
= (1 + XBg) (1-3) - X= (“ge - 1) X, 


— 0.00214 X, (32) 
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For a full-piteh three-phase winding with 120 deg. 
phase belts, it is also 0.00214 X,, but in this case it 
increases rapidly as the piteh changes from unity, due 
to the resulting dissymmetry of the winding, while in 
the other cases Xs decreases as the pitch changes from 
unity. | 


ALGER: SYNCHRONOUS MACHINES 


503 


The actual value of X» for any pitch for each 
type of winding can not be expressed by any simple 
formula, but must be found by actually carrying 
out the summation indicated in (30). This has been 
done, and the results are shown in Fig. 6. 

The value of X» for a salient pole synchronous ma- 
chine is also approximately given by the foregoing 
equation, if 3/4 the direct axis magnetizing reactance is 
used for X,, as shown in the previous section. Sum- 
ming up, therefore, the belt leakage reactance is equal 
to: 

Хв = 0 (28) 
for any machine with a squirrel-cage winding and inte- 
gral slots per pole per phase; 

3 

XB = A Ха; (Кв,) (33) 
for salient-pole synchronous machine without squirrel- 
cage; and with integral slots per pole per phase; and 


P 
)x« 


2 
a (34) 
for a salient-pole synchronous machine with fractional 
slots per pole per phase. This last equation is arbitrary, 
as Хв for fractional slot windings varies very widely, 
but in a general way X» in such cases is larger the larger 
Xr is, and it is on the average of the same order of 
niagnitude. From some unpublished work of Professor 
A. A. Bennett, the differential leakage reactance for 
six different fractional slot windings averaged 1.82 
times Xr. Hence, our assumption of 2 for this factor 
in the general ease is not unreasonable, and should be 
satisfactory until such time as an adequate table of 
differential leakage reactance values for irregular 
windings is available. 

Since some of the harmonics of belt leakage flux for 
fractional slot windings are of fractional, and many are 
of rather low, orders, a squirrel-cage winding will have 
demagnetizing currents induced in it, which may reduce 
the belt leakage reactance considerably. The magni- 
tude of this effect is extremely variable, however, as it 
depends on many factors. It is the writer’s opinion 
that the demagnetizing action of a squirrel-cage on the 
belt leakage reactance due to fractional slot windings is 
small for usual design proportions, and so it will be 
neglected in the present paper. | 

In these equations, we have derived expressions for 
all the elements of the reactance, and we may now turn 
to their application to actual machines. 


VI. APPLICATION TO SALIENT POLE SYNCHRONOUS 
MACHINES 
The leakage reactance in ohms of a salient pole 
synchronous machine with integral slots per pole, and 
with a squirrel-cage winding, has been determined by 
(3), (21), (26), (27), and (28), to be: 


d | d. 088p-1)DS 
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5 / PY 
8 (^s) X ag (35) 
The belt leakage given by equation (33) or (34) 
should be added in case the machine has fractional 
slots or has no squirrel-cage winding. The second 
order terms of the slot reactance (equation (3)) have 
been omitted as being non-essential for normal syn- 
chronous machines. 
Expressed as a fractional voltage drop due to full- 
load current, (34) becomes by (8), (10), and (11): 


7.90 A PLKs ү ds di 
К, К г ф S ( 10 9 w ) 


03 (3p-1)D7 5 ғу AK, 
+ 7 P | tg ( S ( F 
for lengths measured in cm., the constant 7.90 becoming 


20.0 if inch units are used. "The value of F to be used 
in the last term of (36) is the number of normal voltage 


xX, = 
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field ampere-turns, and K, is the constant required to 
convert armature reaction ampere-turns into equiva- 
lent field ampere-turns. К, depends on the particular 


shape of field pole and length of air-gap used, but it has 


an average value a little less than 0.9, and is given by 


Fig. 7. 
A further simplification of (36) can be made by 
3 1 
putting Ks = TEM. which is exactly correct for 


three-phase windings with pitches between 2/8 and 1, 
and which is slightly higher than correct for all other 
windings, (Fig. 2). Astwo-phase windings have higher 
belt leakages, and as the neglected second order terms 
in the slot reactance become appreciable when the pitch 
is below 2/3, the small errors so introduced are on the 
right side. 
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Finally, therefore, our formula for the per cent leakage 
reactance, expressed as a decimal, of a salient-pole 
synchronous machine with a barrel-type armature 
winding, and fractional slots per pole, in inch units, is: 


2A FPL (3p+1\( dj | d 
K2K2ó s ( 4 e + 8w 


0.3 (3 p—1) D 11А 
di 2р | 


X% = 


((Р/8)° 4+ 0.6 Къ) (37) 

If integral slots per pole are used, the (P/S)? term 
should be multiplied by 0.5 If in addition the machine 
has a squirrel-cage winding, the К» term is to be 
omitted. The reactance is assumed to be the same in 
both axes, but actually it is greater in the quadrature 
axis than in the йге axis by about 1/4 of the A/F’ 
term. 

As the value of X, оаа from test is totally different, 
depending on how the armature reaction is con- 
verted into equivalent field ampere-turns, it is neces- 
sary to consider the matter before proceeding to 
the comparison of test reactances with those given by 
(37). 

Wieseman? has derived accurate coefficients by flux 
plotting for the calculation of the fundamental sine 
wave of flux produced in a salient pole machine by the 
concentrated field turns, and by a sinusoidally dis- 
tributed armature reaction. By taking the ratio of 
these two coefficients, the necessary factor, K,, to 
convert the armature reaction ampere-turns into 
equivalent field ampere-turns, can be derived. This has 
been done by Mr. Wieseman, and the result is shown in 
Fig.7. By substituting the quadrature axis coefficients, 
also given in reference No. 2, for those of the direct axis, 
the armature reaction and the total, or synchronous, 
reactance in either axis can be accurately calculated. 

The usual way to determine the armature leakage 
reactance by test is first to take open and short-circuit 
characteristic curves, which give armature voltage on 
open-circuit and armature current on sustained short 
circuit, respectively, as functions of field current. 
Then, the field current corresponding to full load 
armature eurrent on short circuit, divided by the field 
current corresponding to normal voltage on the air-gap 
line, is equal to the synchronous reactance, expressed as 
a fraction. By subtracting the calculated armature 
reaction, also expressed as a fraction of the no load air- 
gap field ampere-turns, from the test value of synchro- 
nous reactance, the test value of armature leakage 
reactance is found. The caleulated armature reaction 
ampere-turns are given by (10), multiplied by the value 
of K, from Fig. 7. 

As the errors of the test value of synchronous reac- 
tance probably average one per cent, and as Fig. 7 also 
involves slight errors, it is evident that this method of 
obtaining the leakage reactance is inherently very 
On high-speed machines, the leakage 
reactance is very small by comparison with the total 
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reactance, so that the results are particularly inaccurate 
in this case. 

It is possible to measure the total leakage reactance 
of a synchronous machine at standstill, just as for an 
induction machine, but this requires the inclusion of the 
reactances of the field winding and squirrel-cage, if 
present, which do not enter the calculation of steady 
state performance. It is also possible to measure the 
armature reactance with the rotor removed and to 
determine the leakage reactance as the difference be- 
tween the total and the calculated reactance due to the 
fundamental of the flux produced in the air core. This 
last method involves large errors in the amounts of 
zigzag and end leakage, however, and is not as accurate 
as the usual short circuit test method of measurement. 
Finally, it is possible to insert exploring coils on the 
armature surface and by their means measure the net 
flux existing during a short-circuit test, which gives a 
measure of the leakage reactance. The dissymmetry 
and wave form errors introduced, unless the exploring 
coils exactly follow the armature coil grouping, together 
with the fact that the slot leakage part of this flux links 
only a portion of the winding, make this method of no 
practical use. For these reasons, the usual method of 
finding X, from open and short-circuit tests has been 
followed in checking the results obtained with the 
formulas derived in this paper. 


TABLE III 
HIGH SPEED MACHINES 
Test Xd 
Calculated Test |-— 

Poles | Ку-а. | Freq ха Xad Xd Xd Cale. Xd 
4 50 60 0.105 0.955 1.060 1.043 0.984 
4 105 50 0.054 1.220 1.274 1.250 0.981 
4 180 60 0.061 1.002 1.063 1.032 0.971 
4 600 60 0.060 2.163 2.223 2.195 0.987 
4 940 25 0.128 1.770 1.898 1.895 0.998 
4 2000 25 0.198 1.562 1.762 1.793 1.018 
4 3000 25 0.117 2.300 2.417 2.355 0.974 
4 5700 25 0.109 1.857 1.966 1.937 0.980 
6 150 25 0.102 1.040 1.142 1.092 0.954 
6 187 60 0.063 0.998 1.061 1.068 1.007 
6 2C0 60 0.055 0.804 0.859 0.872 1.015 
6 400 60 0.069 1.250 1.319 1.275 0.967 
6 435 60 0.077 1.127 1.204 1.172 0.973 
6 500 60 0.151 2.065 2.216 2.212 0.998 
6 500 60 0.105 1.610. 1.715 1.678 0.978 
6 1000 60 0.127 1.932 2.059 2.040 0.991 
6 1500 60 0.092 2.025 2.117 2.145 1.013 
6 3125 25 0.098 1.019 1.117 1.133 1.014 
6 5000 25 0.097 1.060 1.157 1.161 1.003 
6 5000 25 0.088 1.592 1.680 1.745 1.039 
| Азегаже..................... 0.999 

Average error from mean..... +9.017 

Average error from 1......... +().012 


In Tables ПІ to VII inclusive, the calculated and 
test values of synchronous reactance are compared for 
five groups of machines of different types. The 
machines were selected at random, and the tests were 
all made in the regular commercial routine. The 
average absolute error for the entire list of 100 machines 
is 0.4 per cent, and the average numerical error is 1.7 
per cent, so that the results are as accurate as could 
reasonably be expected when the errors of test and those 
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TABLE IV 
MEDIUM HIGH SPEED MACHINES 
Test Xd 
Calculated Test 

Poles | Kv-a. Freq ха Xad Xd Xd  |Calc. Xd 
8 560 60 0.067 0.815 0.882 0.884 1.002 
8 800 60 0.077 1.338 1.415 1.416 1.001 
8 1200 60 0.086 1.073 1.159 1.150 0.992 
8 2500 60 0.143 2.100 2.243 2.230 0.994 
8 5000 60 0.161 1.750 1.911 1.928 1.009 
10 1100 60 0.097 0.983 1.080 1.098 1.019 
10 1880 60 0.061 1.139 1.200 1.214 1.012 
10 7500 60 0.080 0.853 0.933 0.922 0.988 
12 1000 25 0.081 0.810 0.891 0.905 1.016 
12 1900 25 0.089 0.758 0.847 0.842 0.994 
12 2400 60 0.159 1.103 1.262 1.245 0.986 
12 2500 60 0.093 1.452 1.545 1.564 1.012 
12 5000 60 0.132 1.560 1.692 1.667 0.985 
12 5000 60 0.101 0.750 0.851 0.852 1.001 
12 5300 60 0.135 1.280 1.415 1.414 0.999 
12 7000 50 0.115 0.900 1.015 0.987 0.972 
12 12500 50 0.110 1.048 1.158 1.172 1.012 
12 15000 60 0.086 0.667 0.753 0.766 1.017 
12 15000 60 0.137 1.065 1.202 1.208 1.005 
16 3500 50 0.114 0.969 1.083 1.071 0.989 
Ахуегаше................... « 1.000 
Average error from mean...... 9.010 
Average error from 1......... +=0.010 

TABLE V 
MEDIUM LOW-SPEED MACHINES | 
Calculated т Test Ха 
est 

Poles | Kv-a Freq Xia Xad Xa Xa Calc. Xa 
18 1.650 40 0.108 0.844 0.952 0.993 1.043 
18 1,650 60 0.123 0.961 1.084 1.100 1.015 
20 2,250 40 0.148 0.975 1.123 1.136 1.011 
20 14,444 50 0.123 0.896 1.019 1.023 1.004 
22 2,000 60 0.123 1.078 1.201 1.188 0.989 
22 7,900 60 0.162 1 017 179 1.198 1.016 
24 1,100 60 0.132 0.992 1.124 1.152 1.025 
24 4,000 50 0.136 1.027 1.163 1.178 1.013 
24 6,880 50 0.131 0.688 0.819 0.826 1.009 
24 10,700 50 0.120 0.648 0.768 0.761 0.991 
24 30,000 60 0.128 0.647 0.775 0.803 1.036 
28 10,125 60 0.147 0.919 1.066 1.089 1.022 
30 3.125 60 0.106 0.973 1.079 1.080 1.001 


0.138 0.820 0.958 0.951 0.993 
32 2,250 40 0.180 0.918 1.098 1.113 1.014 
0.142 1.064 1.206 1.202 0.997 


36 500 60 0.155 0.853 1.008 1.003 0.995 
36 [ 1,500 60 0.117 0.881 0.998 0.988 0.990 
40 750 60 0.162 0.756 0.918 0.906 0.987 
40 1,375 60 0.088 0.619 0.707 0.716 1.013 
Average............ es ipw 1.008 
Average error from mean....... +0 .013 
Average error from 1.......... +0.014 


inherent in Fig. 7 are considered. If the value of the 
armature reaction reactance, Xaa, and the test value of 
total reactance, Xa, are assumed to be exact, the 
test value of leakage reactance can be found by sub- 
tracting the one from the other. This has been done 
for each group of machines, and the average errors 
between the test and calculated values of X, for each 
case are given in Table VIII, together with the cor- 
responding errors in Ху. 
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The average absolute error of the leakage reactance 
for the 100 machines on this basis is 0.6 per cent, and the 
average numerical error is 14.6 per cent. The worst 
errors occur for the high speed machines, and inspection 
of Table VIII indicates that the calculated value of Xz 
is appreciably too high for high speed machines and a 
little too low for low speed machines. By empirical 


TABLE VI 
LOW SPEED MACHINES 
| Calculated тела 
Test 

Poles | Kv-a. | Freq хм Xad ха Ха |Саїс. X32 
56 3,500 60 0.144 0.798 0.942 0.960 1.019 
56 4,500 60 0.147 0.860 1.007 1.013 1.006 
56 5,720 60 0.159 0.648 0.807 0.775 0.960 
60 750 60 0.177 0.699 0.876 0.902 1.030 
60 1,500 60 0.155 0.871 1.026 1.041 1.015 
60 1,500 60 0.231 0.587 0.818 0.882 1.078 
60 2,500 60 0.130 0.724 0.854 0.849 0.994 
64 625 60 0.168 0.782 0.950 0.907 0.955 
64 6,250 60 0.128 0.870 0.998 1.013 1.015 
64 8,000 60 0.254 0.776 1.030 1.043 1.013 
68 1,500 60 0.192 0.766 0.958 0.961 1.003 
72 750 60 0.239 0.818 1.057 1.065 1.008 
72 875 60 0.223 0.818 1.041 1.068 1.026 
72 1,000 60 0.228 0.740 0.968 0.962 0.994 
72 2,250 60 0.147 0.813 0.960 0.983 1.024 
72 12,250 60 0.213 0.782 0.995 1.015 1.020 
72 32,500 60 0.166 0.926 1.092 1.130 1.035 
80 3,500 60 0.187 0.810 0.997 1.020 1.023 
82 2,250 60 0.162 0.745 0.907 0.898 0.990 
100 1,250 60 0.127 0.510 0.637 0.652 1.024 

A VOTER oss bes xa IM 1.011 

Average error from mean....... +0.018 

Average error from 1.......... +0 .022 


adjustments of the coefficients of the end and differential 
leakage components of the reactance, it is evident that 
these errors could be reduced. Such adjustments of the 
constants should be made by each manufacturer for 
himself, however, as they will depend upon the par- 
ticular end winding constructions, and so forth, that 


TABLE VII 
SMALL LOW SPEED MACHINES 

Calculated И 

Poles | Kv-a. | Freq Xla Xaa Xa Xa Calc. Xa 

ELTE indir PO a es 
Oe 200 60 0.249 0.970 1.219 1.228 1.007 
36 240 60 0.244 0.833 1.077 1.076 1.001 
40 80 60 0.281 0.660 0.941 0.962 1.022 
44 62 60 0.284 0.576 0.860 0.888 1.033 
36 100 60 0.302 0.704 1.006 1.008 1.002 
80 120 60 0.245 0.793 1.038 1.017 0.980 
40 360 60 0.208 1.013 1.221 1.256 1.029 
42 160 60 0.293 0.961 1.254 1.307 1.042 
44 50 60 0.430 0.972 1.402 1.460 1.041 
44 62 60 0.251 0.619 0.870 0.906 1.041 
44 62.5 60 0.143 0.417 0.560 0.552 0.986 
46 100 60 0.277 0.698 0.975 0.965 1.010 
50 145 60 0.171 0.476 0.647 0.648 1.002 
52 140 60 0.207 0.611 0.818 0.838 1.024 
60 60 60 0.108 0.301 0.409 0.404 0.988 
60 250 50 0.151 0.612 0.763 0.771 1.010 
60 250 60 0.290 0.902 1.192 1.183 0.992 
62 280 60 0.195 0.657 0.852 0.826 0.969 
72 165 60 0.196 0.519 0.715 0.729 1.020 
74 375 50 0.224 0.781 1.015 1.005 1.010 
ANVOTaOEG... oie cau eg A eek CSS 1.010 
Average error from mean....... + 0.017 
Average error from 1.......... + 0.019 
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each one uses. The formulas as given were derived 
straightforwardly from theoretical considerations, and 
no attempt has been made to make empirical cor- 
rections, although simplifying assumptions have been 
freely used. 

The causes for the varying magnitudes of error shown 
in Table VIII are brought out more clearly by a study 


TABLE VIII 
Per cent Numerical 
error 
Test | Рег cent 
| Absolute From 
Type of machine Calc error From1| mean 
Errors in values of XI 
High-speed (IL)................. 0.86 —13.6 31 30 
Medium high-speed (III)......... 1.01 1.0 11 11 
Medium low-speed (1V).......... 1.06 6.3 11 10 
Low-speed (У).................. 1.06 5.7 12 10 
Small low-speed (VI)............. 1.04 3.6 8 7 
Errors in values of Хд | 
High-speed (11)................. 0.992 — 0.8 1.9 1.7 
Medium high-speed (III)......... 1.000 0.0 1.0 1.0 
Medium low-speed (IV).......... 1.008 0.8 1.4: 1.3 
Low-speed (У).................. 1.011 1.1 2.2 1.8 
Small low-speed (VI)............. 1.019 1.0 1.9 1.7 


of the relative proportions of the various elements of the 
total reactance for the different types of machines. 
Table IX gives the average ratios of slot, end, and 
differentia] leakage to the total leakage reactance; and 
also the average ratio of the total leakage reactance to 
the armature reaction reactance for each case. Since in 
the high-speed machines, X ; averages only 6 per cent of 
Xa, while in the small low-speed machines it averages 
25 per cent, it is clear that a given error in the mea- 
surement of X; makes more than four times as great an 
apparent error in X; in the former as in the latter case. 


TABLE IX 


Average ratios 


owes cre ce | Á— — ———QaÓ——— | eS | ED 


X 510 XEnd Xpir Xi XI new 

Type of machine Xj XI Xj Xd XI old 
High-speed............. 0.37 0.60 0.03 0.059 0.56 
Medium high-speed. .... 0.57 0.35 0.08 0.087 0.58 
Medium low-speed...... 0.60 0.32 0.08 0.132 0.66 
Low-speed.............. 0.67 0.16 0.17 0.189 0.70 
Small low-speed......... 0.58 0.16 0.26 0.252 0.72 


This partially aecounts for the relatively large numerical 
errors in X for high-speed machines. 

The last column of Table IX gives the average ratio 
of the new value of leakage reactance, to the value 
given by the older formulas derived by Doherty and 
Shirley. This ratio varies from a little over one-half 
for the high speed, to nearly three-quarters for the low- 
speed machines. The percentage error between test 
and calculated values of X , is thus magnified on the new 
basis, so that a direct comparison of the accuracy given 
by the two formulas cannot be made. The older 
formula had an average apparent error of about 16 per 
cent, so that taking into account the test errors, which 
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cause a considerable part of the dispersion, the new 
formula is indicated to have about half the true error 
of the old. 


VII. ZERO PHASE-SEQUENCE REACTANCE 
CALCULATIONS 


The zero phase reactance is important in the calcula- 
tion of single phase short circuits, circulating currents in 
delta windings, and in other cases. The slot portion 
of this reactance is given by the complete equation (3), 
using the appropriate values of Ks from Fig. 2. For 
usual three-phase windings, К< for the zero phase 
sequence reactance is equal to Зр – 2. The end 
leakage portion is very small, and will be neglected. 
The differential leakage portion is given by the ratio of 
equation (12a) or (13a) to (14a) in Appendix A. Com- 
bining these expressions, we derive the following formula 
for the zero phase reactance of a three-phase, 60 deg. 
belt winding, with a pitch between 2/3 and unity, 
expressed as a decimal: | 
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The corresponding formula for a winding pitch 
between 1/8 and 2/3 is: 
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The coefficient K, is introduced in (38) and (39) to 
allow for the reduction of the harmonic fluxes, especially 
the third, by induced currents in the rotor circuits. 
As all the terms except the first in the last brackets of 
these equations represent third harmonic fluxes, these 
terms are generally reduced to a fraction of their appar- 
ent values, and K, should ordinarily be taken as less 


than 0.5. The coefficient 4 of the last bracket in (38) 


includes the factor of 3/4 for the average permeance of 
a salient pole machine, as previously derived. 
The zero phase reactance has been calculated for two 


ALGER: SYNCRHONOUS MACHINES 


507 


machines, and the values compared with tests, with the 
following results: 


Zero-phase 
- Assumed Sequence Reactance 
: Winding | value Calcu- Per cent 
Poles | Kv-a. Freq. pitch of Ko lated Test error 
6 435 60 2/3 0.026 | 0.021 —24 
36 20,000 60 0.80 0.25 0.070 0.0675 4 
VIII. CONCLUSIONS 


It is believed that equation (37) is at once the most 
accurate and the simplest comprehensive formula for 
the armature leakage reactance of a synchronous ma- 
chine that has been published. It requires no curves, 
no logarithms, and no tables for its use, but only a few 
slide rule operations, and it gives a value of leakage 
reactance which, added to the armature reaction 
reactance derived from flux plots, quite accurately 
checks the test values of synchronous reactance for the 
entire range of salient pole synchronous machines in 
commercial use. 

The leakage reactance so determined averages about 
two-thirds of that given by the widely used formulas 
derived in reference No. 7, since the latter included as 
leakage reactance a part of the fundamental sine wave 
of air-gap flux due to the armature, which links the 
field winding in the direct axis, and thus constitutes a 
part of the true armature reaction. The new value of 
leakage reactance, added to the squirrel-cage reactance, 
checks observed standstill reactances of synchronous 
motors; and added to the field reactance checks the 
values of transient reactance found from oscillographic 
tests on synchronous generators. With the old re- 
actance formulas, rather arbitrary reductions of the 
ealeulated field reactance and tooth tip reactance 
were necessary before checks with transient and stand- 
still reactances could be secured. Finally, with the old 
formulas, the calculated increase in “internal voltage" of a 
synchronous generator under load gave much higher 
flux densities in low power factor machines than 
actually do occur, so that arbitrarily reduced values of 
field leakage under load were used in calculating satura- 
tion curves, thus establishing a series of compensating 
errors. 

There is no space to demonstrate the validity of 
these statements here, and they are simply made to 
show that the acceptance of the new values of leakage 
reactance involves a fundamental revision of the 
generally adopted design constants of synchronous 
machines. In writing the paper, an effort has been 
made to make the new formulas and the new definitions 
such that the further refinements which the future will 
bring ean be added without again altering our con- 
ceptions or the orders of magnitude of the characteristic 
constants of design. 


NOMENCLATURE 


A = Maximum ampere-turns per pole of 
armature reaction 
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d, d», ds, w = Slot dimensions shown in Fig. 1 

| = Gap diameter 

Frequency 

No-load air-gap field ampere-turns per 
pole 

= Air-gap length (radial) 

Belt Leakage constant, given by Fig. 6 

Pitch and distribution factors of arma- 
ture winding (less than unity) 

A function of winding pitch given by 
Fig. 2 

= Gross соге length 


2fLqZ 
10° S 


= Winding pitch expressed as a decimal 

= Number of poles 

= Number of phases 

= Slots per pole = S/P 

= Total number of slots 

Volts per phase 

= Armature reaction reactance 

= Belt leakage reactance 

= Total, or synchronous, reactance in 

direct axis 

= Total armature leakage reactance 

= Zigzag leakage reactance 

= Series connected conductors per phase 

= Angle of end windings as shown in Fig. 4 

= Angular phase difference between cur- 
rents in upper and lower coil sides in 
one slot 

Flux per pole in с. g. s. lines 


E 
| 


ы D 
| 


for inch units 


HEM чиа уз 
| 


мым 
| 


DR 
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Appendix A 


EXACT CALCULATION OF DIFFERENTIAL LEAKAGE 
REACTANCE 


Chapman* has shown that the total inductance of a 
winding due to the air-gap flux can be very conve- 
niently calculated by adding the inductances due to the 
rectangles of flux produced by successive pairs of sym- 
metrically located slots. With this method the smallest 
unit of flux is that produced by a uniform m. m. f. 
acting over one slot pitch, so that the permeance varia- 
tions due to the slot openings are quite satisfactorily 
taken into account by merely using the average per- 
meance, as in calculating the magnetizing reactance. 
Thus, the point of view leads to the immediate con- 
clusion that all the harmonic fluxes; (hence the zigzag 
and belt leakage reactances) are exactly proportional 
to the fundamental magnetizing reactance. And so 
the elaborate analyses of the permeance for the zigzag 
leakage flux as distinct from that for the fundamental 
flux, that have frequently been employed heretofore, 
are shown to be unnecessary. 


We shall now proceed to calculate the total in- 
*Reference No. 13. 
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ductance of a regular, distributed, polyphase winding 
with s slots and q phase belts per pole (s/q a whole 
number), and a uniform air-gap length, following 
Chapman’s method. In doing this, the self-inductive 
voltage produced in the set of coils forming the inner 
halves of two adjacent phase belts in the same phase by 
their air-gap flux is considered as the sum of the s 
voltages produced by the fluxes in the s teeth under one 
pole. The voltage due to any tooth 15 proportional to 
the square of the number of turns linking it, as the 
reluctance of each tooth pitch is the same, while both 
the flux per ampere and the volts per unit of flux are 
proportional to the number of turns. It is most con- 
venient to make all the calculations in relative terms, 
and, therefore, to take as the unit of inductance the 
self-inductance which the two adjacent half-phase 
belts of one phase would have if all their turns were 
concentrated in one pair of slots exactly one pole pitch 
apart. | 

Assuming the winding pitch to be b slots short of 


Ee 


BETES % 000% * BOSS 
a 
THERE C В 


d hed логос свае 


Н #7 а 
аххикох 
аю соз ы lic 


авза a.0% 
SBSBEENTAXNVÓ uL - 
ELOLE d © 


анаган атаа нення Как кыы 
ЕИ, ШП А us He tha belie sss 


иш ifa anni 


Fic. 8—IpEAL M.M.F. DraGrRams Fon PoLvyPHAsE WINDINGS 


full piteh, (b being not greater than s/q), and referring 


s (9 — 1) 
q 


to Fig. 8, there will be + 1 — b central teeth 


that are linked by all the turns in the two half belts of 
phase A, and hence the total inductance due to these 


teeth will be: 
1 /s (q— 1) 
F ( q -1- i) 


The next two teeth (3 and 3’) outside these central 


ones will be linked by of the total turns, and 


will have a permeance 2/s of the total permeance, so 
that they will contribute to the inductance: 
2 (s — 9)? 
s3 


Similarly, consecutive pairs of teeth will each have 
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q/s less turns than before, until the bth pair is reached. 
The next pair of teeth after that (land 1’) will be 


s—2q- 
8 


linked by 1 of the total turns, so that they 


will contribute an inductance equal to: 
2: 
з (8—29 — bq) 


The following pairs of teeth will have consecutively 
2 q/s less turns than the last, until the outermost pair 
is reached. Hence, the total self-inductance of Phase A 
16: 
t 


L = s 


з (9 —1 
[ "е0 +s? (1—6) +2 (s—q)? + 2 (s- 29): 


+... + 2(s—b q)?+2 (8—2 9—0 gq)? 4-2 (5—4 q— b q)? +... | 
As the sum of the squares of the first n integers is 


nin +1) 2n tl) this may be reduced to: 


. 6 
ss Le (s- 5 1-9) 
eU) @- 
q q q 


mr) 9 ma 
eer (5-13) 029] 


and this reduces to: 


Laa = 1 = + (2s—3b?s— bq + 0° 0), 


2 
89 n 


, (1а) 


all for a winding pitch not less than 


The linkages produced by phase A with phase B 
are similarly found, except that, as the currents in the 
two phases are out of time phase by 7/q degrees, and 
as conditions of symmetry make the out-of-phase com- 
ponents of the linkages cancel with the corresponding 
components due to the other phases, the effective 
current in phase A must be reduced by a factor cos т/7. 

The number of teeth that are linked by all of phase B 


as well as by all of phase A is (г ze us b + 1), and 


these will create linkages with B equal to: 


(<) Mee (s- 22 ъл) 


ALGER: SYNCHRONOUS MACHINES 


509 


Of the remaining teeth there are b — 1 that carry 
full flux, but are linked by successively fewer coils of 
the B phase. These contribute an inductance equal to: 


T 
s 97 08—90 + (8—20) 


8 


+...+(s— (b — 1) q)] 

There are also b — 1 pairs of teeth, (3’ and 3”) one 
of each pair of which carries positive flux and the other 
an equal negative flux, the former of which is linked by 
all, and the latter by successively less of the coils of 
phase B. Each pair is linked by successively less of 
the coils of phase A. Hence, these teeth contribute 
an inductance to phase B of: 


T 
PEE | Wee (b— 1)д) + 2q (s— (b 2) q) 


+...+ 5-—1)a(s— q)] 

The remaining teeth consists of pairs (6, 5'-7, 4"— 
1,1'-2^,2") carrying equal and opposite fluxes and 
linking the same numbers of coils of phase B, so that 
they contribute nothing to the inductance of phase В. 
Hence, the total increase of inductance of phase B 
due to phase A is: 


I (s- = — b +1) 


+s(s—-qts—2q+...+s8s-— (— 1) 9) 
+q(s— (0—1) ф -2q(s— b- 2) 4) 


+0-Dac-o] 


"Which reduces to: 


q-2 bæ 
g ва O D ] 


026 < 8/9 (2а) 

The bracketed expression in (2а) is to be regarded as 

zero if it is negative, since the inductance is always 
positive. 

The corresponding expressions for values of 6 between 


Lag = cos t/q [ 


s/q and 2 s/q, corresponding to winding pitches between - 


one and two phase belts short of full pitch, are, if q is 
greater than 2: 


(3a) 


M —U : 
Laa = 1—50 — ~ (b s—q/3), 8/9 <6 т d 
and 
-" 1 8р 
Las = созт/@ (5 + 2 tae 2s 
3 69 03 Ф рд? 
92852 85s is] (4a) 
2.4, 28 
s/q žb < —— 


q 
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And, the value of the self-inductance of one phase 
for winding pitches greater than zero by not more than 
one-phase belt width is: 


q (s 


(5a) 


There is no need of considering values of q greater 
than 3, except for full pitch windings, as three-phase 
belts per pole are all that are used in practise. A 
squirrel-cage winding always has one slot per pole per 
phase, so that its differential leakage ratio is the same 
for all values of pitch. For this case s/q = 1, and 
(2a) reduces to: 


Lag = = COS T/S (6a) 


and the corresponding expression for the nth phase is: 


s— 2 (п – 1) (n — 1) т 
SS OS e 


Lan = 
З $ $ 


(7а) 

The total inductances per phase are obtained by 
adding the self and effective mutual inductances, as 
given by the foregoing expressions. For q = 2, (2a) is 
zero, so that the total inductance of a two-phase 
winding is from (1а): 


Lo. = 2/8 + 


4 b + 4 6) (8a) 

For q = 2, (1а) and (5a) are identical, so that the 
single equation (8a) is valid over the entire range of 
pitches from 0 to 1, for two-phase windings. 

For a three-phase winding, q = 3, and the total 
inductance of one phase is given by the sum of (1a) and 
twice (2a) for pitches between 2/3 and 1, and by the 
sum of (3a) and twice (4a) for pitches between 1/3 
and 2/3: 


1 
Leo = 10/9 + 5. (48— 6025—36 + 36%), 


020 2 8/8 
апа 


1 
Lo. = 19/18 + oe (5s+bs—6b-—98?s + 6 03), 


|... 28 
5/8 zbz-3- 
(9а) and (10a) become identical if b = s/3. 
For a squirrel-cage winding, the total inductance of 
one phase is, from (1a) and (7a), placing b. = 0 and 
q = sin the former: 


(10a) 


s—4 20 
соз +... 


L= 1+ <= cos T/s + 
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2 2T 8 т 
= 1-1; cos (m/s 2.05 =" + 8 cos —* 


— 1 
Бо + @ — 1) cos S=>* ) 
1 . 
= yese w/28s (11а) 


It is interesting to compare the total reactances of the 
several types of windings by means of these formulas. | 


For a regular three-phase winding, equations (9a) and 


(10a) show that: 
10 2 | 
Leo = "9 + —- for full pitch 
149 7 
= 144 poe 1g for 5/6 pitch 
mus у EEN 
= $6 + Фу? or 2/5 pite 
229 
~ 9 
5 
= -ig Т ду кы for 1/3 pitch 
For a regular two-phase winding (8a) shows that: 
2 4 | 
Loo = 73 + 3g for full pitch 
9 ; 
= 16 + —,~ for 3/4 pitch 
= 3 tag or 1/2 pite 
I uc for 1/4 pitch 
48 + gg 101 /4 pite 


For a single-phase winding made by using two legs 
of a regular three-phase winding, the total inductance is 
found by substituting 1 for cos 7/2 in (2a) and adding 
(1a) to it, which gives identically the same equation 
(9a) as for the original three-phase winding. Thus, 
the per cent line-to-line reactance of a three-phase 
winding is always identical with the per cent three- 
phase reactance. For a single-phase winding consisting 
of one leg of a three-phase winding only, the total 
inductance is given by (la), (3a), and (5a) ,whence: 

Line to neutral 


T 
9 


Leo: = 


17. 


од + оу = ; for 5/6 pitch 
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5 
107 + for 2/3 pirch 
7 E 
= -ig + — for 1/2 pitch 
m 
| 9 
EN 1 
=7 + 2g for 1/6 pitch 


Thus, the line-to-neutral air-gap flux reactance of a 
three-phase winding operated single-phase is 7/10 of its 
value in three-phase operation for full and half-pitch 
windings, but is only 2/3 of its three-phase value for 
2/3 pitch windings. For a 1/3 pitch winding, it is 
4/5 of its three-phase value. These variations are due 
to the triple harmonic fields that are produced by each 
phase winding separately, but that are canceled out 
by a 2/8 pitch, or by a three-phase connection. 

Since the zero phase sequence reactance is equal to 
three times the line-to-neutral, less twice the balanced 
three-phase reactance, of a three-phase winding, the 
foregoing expressions lead to the following expressions 
for the zero phase sequence inductance: 


Zero phase 
1 
Le = 9 t 3bs— 66+ 6 03), 
0 2628/94 (12а) 
5 
Е — 60—908 + 6 0%). 
2..2. 28 
— < b 7 аар (13а) 
q. 
Hence: 
1 
Zero phase Leo = 5 4 52 for full pitch 
t 
= Fg + 
= () for 2/3 pitch 
1 
= 18 + — for 1/2 pitch 
ER 
Em + —- for 1/8 pitch 


All of this zero phase inductance is leakage flux, since 
the fundamental m. m. fs. of the three-phases cancel 
with this connection. 

The useful, or fundamental, flux produced by the 
same windings can be readily calculated from the usual 
pitch and distribution factors, and the difference re- 
maining after the useful is subtracted from the total 
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reactance will give the desired values of total differential 
leakage reactance. 


The ratio of the useful to the total flux generated by a 
single full-pitch coil is 8/7?, as this is the ratio of the 
area of a sine wave to the area of a rectangle whose 
fundamental it is. This factor, multiplied by the 
squares of the pitch and distribution constants of the 
winding, and by the ratio, q/2, of the total revolving 
field produced by all the phases acting conjointly to 
the field made by a single phase, gives an expression 
for the reactance due to the useful flux. Or: 


40 sin? 7/2 q sin? 7/2 (1 — b/s) 
Lm = т? s? sin? 7/2 8 (142) 
Putting q = 2 in (14a), dividing it into (8a), and 


subtracting unity from the result, we have for the total 
differential leakage reactance of a two-phase winding, 
expressed as a ratio to the fundamental magnetizing 
reactance: 


Xone 
Xm 


т? (s— b) (3 + bs— 26? + 2) sin? 7/28 A 

24 s sin? T/2 (1 — b/s) 

(15a) 

If s is large, and b is zero, corresponding to the case 
of a full-pitch two-phase winding, (15a) gives: 


Xp, T? (8 + 2). ті 
X. A sin? 7r/2s—1 = 706 


‚687 
2 


т“ 
+ 18 52 (.412- — 1 (16a) 


If s is very large, (16a) reduces exactly to (31), thus 
confirming the latter result. For small values of s, 
equation (15a) is the only convenient means of 
obtaining exact values for Xp,. Numerical values of it 
for some usual windings are given in Table X. 


TABLE X 


DIFFERENTIAL LEAKAGE REACTANCE OF TWO-PHASE 
WINDING EQUATION (18a) 


Pitch s/2 = slots per pole per phase 
deficiency |. —————|———————|—————|—————1|——— 
1 2 3 4 5 6 

0 O 2337 | 0.0840 | 0.0468 | 0.0330 | 0.0264 | 0 0229 
1 0.2337 | 0.0583 | 0.0334 | 0.0251 | 0.0213 | 0.0193 
2 0.0840 | 0.0285 | 0.0177 | 0.0147 | 0.0138 
3 0.0840 | 0.0468 | 0.0189 | 0.0116 | 0.0096 
4 0.1019 | 0.0330 | 0.0148 | 0.0089 
5 0.2337 | 0.0649 | 0.0265 | 0.0130 
6 0.1222 | 0.0486 | 0.0229 
7 0.2337 | 0.0839 | 0.0398 
8 0.1382 ! 0.0650 

Putting q = 3 in (15a), dividing it into (10a) and 


(11a), and subtracting unity from the result, the total 
differential leakage reactance for a three-phase, 60 deg. 
phase belt winding is: 


512 
Xou 
Xm 
__ т3(20 +36 s—54 Ьз—27 b+27 b віпт/28_ у. 
= 486 s sin? т/2 (1 — b/s) | 
S 
0455 (17а) 
апа | 
Xn 
Xm 
_ п°(19 s*-4-45: +9 b 2—54 b— 81 b?s +54 b*)sin? 72 S 1 
= 486 s sin? 7/2 (1 — b/s) : 
28 
5/8 20 = -g7 (18a) 


For a full-pitch three-phase winding with a large 
number of slots per pole, (17a) may be reduced to: 


X 21°? (53+ 9 
= = ar Oa sin r/25— 1 
5 mt T 0.672 


If s is very large, (19a) reduces exactly to (32). 

Numerical values of (17a) and (18a) for some usual 
three-phase windings are given in Table XT. 

For a squirrel-cage winding, q = s and b = 0, so 


TABLE XI 


DIFFERENTIAL LEAKAGE REACTANCE OF THREE-PHASE 
WINDINGS 
EQUATIONS (17a) AND (18a) 


Pitch s/3 = slots per pole per phase 
deficiency |.—————|————————|———————|—————1————————— 

b 1 2 3 4 5 6 

0 0.0966 | 0.0284 0.0140 0.0089 0.0064 0.0052 
1 0.0966 | 0.0235 0.0115 0.0074 0.0055 0.0045 
2 0.0906 | 0.0284 0.0111 0.0063 0.0044 0.0035 
3 0.0284 0.0140 0.0069 0.0041 0.0030 
4 0.0284 0.0143 0.0089 0.0050 0.0031 
5 0.0137 0.0092 0.0064 0.0040 
6 0.0140 0.0089 0.0068 0.0052 
7 0.0083 0.0067 0.0056 
8 0.0089 0.0062 0.0055 
9 0.0057 0.0052 


that by substituting these values in (15a) and dividing 
the result into (14a), the differential leakage reactance 
is found to be: 

Хр, E 

Xn 


cscT/2s— 1 (20a) 


~ 4g 
If s is large, this may be developed into a series of 
which only the first term need be considered: 


X Dk T? . 1 T? т“ 

X, = 128 ( taps 504 st Tot 
For large values of s, (21a) agrees exactly with (25), 

thus confirming the previously derived formula for 

zigzag leakage reactance. 


(21а) 
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Discussion 


B. A. Behrend: In connection with Mr. Alger's very com- 
plete investigation of the factors which determine the armature 
reactance of a synchronous machine the question may be raised 
whether it is more satisfactory for the designer to derive his 
characteristic data from comparison with known similar designs 
or by a fresh calculation for each particular case. As a rule 
the designs vary comparatively little, thus making it possible 
to obtain design data by comparison. The analysis of the 
constituent parts of the total leakage field as carried out by 
Mr. Alger is in keeping with the desire to leave no part of the 
theory unexplored and to link together the leakage of syn- 
ehronous and induction machines. In this very painstaking 
and intricate procedure I doubt that a method which is evolved 
by one designer and which suits his method of working is likely 
to appeal equally to another designer. I am inclined to view 
such methods as to a great extent individual though notwith- 
standing this they are of the greatest importance in clarifying 
obscure problems and showing us the empirical basis of our 
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assumptions. It would be interesting to know just how many 
_ factors could be grouped together without entailing errors 
greater than those ordinarily encountered in the limitations of 
design and workmanship. 

А. A. Bennett: I wish to eall attention to Fig. 4. The 
currents fiowing along the bent end windings there are supposed 
to be distributed in sinusoidal fashion, and they are then analyzed 
into two components, one flowing peripherally and the other 
axially. 


I object to the idea here expressed of analyzing something | 


into components which have no meaning. We cannot analyze 


the cosine function into the product of а co function by a sine - 


function. The peripheral current is supposed to be flowing 
along a conductor, but it isn’t a real current in any proper sense. 
At one point, the current is large and flowing in one direction; 
at another point, there is no current at all, and, at still another 
point, it is large and flowing in the opposite direction. 

Е. В. Shand: Mr. Alger has modified somewhat the methods 
of separating out the machine fluxes so that the resultant leak- 
age reactance is considerably less than that given by a number 
of other formulas. I have always considered that these latter 
formulas, beginning with the classic one of Dr. Arnold, were 
inconsistent in using fluxes which should properly be classed as 
cross-magnetizing and thereby gave results which could not be 
entirely reconciled with all data found on tests. This was 
pointed out in my discussion on “Variable Armature Leakage 
Reactance in Salient-Pole Synchronous Machines" by V. Kara- 
petoff, A. I. E. E. Trans., 1926, p. 733. Formulas of the type 
of this present may be relied upon to give more complete infor- 
mation of machines. 
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P. L. Alger: Mr. Shand’s remark agrees with what many of 
us have felt for a long time, that the necessity for using a lower 
value of leakage reactance to check transient performance than 
for synchronous operation indicated that the old value of syn- 
chronous leakage reactance was too high. The new and lower 
values of leakage reactance will, I am sure, clear up many dis- 
erepaneies heretofore existing in synchronous-machine theory. 
It is well to remember, however, that the point of division be- 
tween the reactances of armature reaction and armature leakage 
eannot be very exactly defined. For example, my colleague, 
D. H. Harms, has pointed out that a small part of the funda- 
mental flux wave in the direct axis, due to the armature reaction, 
passes along the air gap space without entering the field at all, 
and that this part is truly a leakage reactance, although in the 


paper it is included with the armature reaction. From Appendix 

B of reference 3, the magnitude of this part of the reactance is 
7 Р? g? | | 

approximately :— А Xaa = TE X ad; 


which usually amounts to less than 0.5 per cent of Xaa, but 
may be as much as 2 per cent in some high-speed machines. 
This more exact distinction between the two elements of the 
reactance makes the calculated values of transient reactance a 
trifle higher. 

I agree with Professor Bennett that my conception of the axial 
end leakage flux, as due to a discontinuous peripheral current, 
is a highly artificial one, and that it would be more satisfying 
to consider the end leakage flux as a whole. I can only say that 
the device adopted affords a short cut that leads to simpler and 
more definite results than I could find by any other method. 
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Synopsis.—Until somewhat recently, synchronous machine 
theory has been satisfied with a relatively few characteristic constants, 
or reactances, in terms of which the behavior of machines has been 
calculated. Present theory, however, requires many more co- 
efficients. There are now generally recognized two values each of 
leakage, synchronous, and transient reactance which correspond 
to the two symmetrical axes of magnetization of the armature current 
and which refer to balanced operation. Negative and zero phase- 
sequence reactances are also employed to determine operation under 
unbalanced conditions, and itis possible and desirable to distinguish 
other reactances. In view of the increasing complexity of the subject 
t ts felt that a critical survey of it is in order and the object of the 
paper has been to provide that survey. 

The paper has been divided into two parts. Part I is descriptive, 
and treats the subject with regard to those factors which are important 
to application or operating engineers, and to designers. In partic- 
ular, the major types of reactances which include the synchronous, 
transient, and phase-sequence reactances, are discussed. These 
quantities are dcfined and their methods of test outlined. It appears 
necessary to consider a second type of transient reactance, namely 
sub-transient reactance. Both reactances may be determined from 
short-circuit oscillograms as illustrated in the paper. A table is 
included which gives the numerical range of reactances for the 
various types of synchronous machines. 

Part II discusses the theoretical considerations, with a view to 
broadening and classifying existing conceptions of reactance. It 
includes the effect of external reactance on negative phase-sequence 
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N the course of the development of the theory of 
synchronous machines there has come into use, along 
with an increased knowledge of the behavior of such 

machines under varying conditions of operation, a corre- 
spondingly increased number of characteristic constants 
or coefficients referring generally to reactive voltages, 
in terms of which this behavior is calculated. 

Thus, in place of the concept which was formerly held 
of a single leakage reactance and armature reaction, 
there are at present generally recognized two values 
each of leakage, synchronous, and transient reactances, 
corresponding to the two symmetrical axes of magneti- 
zation of armature current. In addition to these 
reactances, which refer to balanced operation, there are 
also values of negative and zero phase-sequence 
reactance, which are employed to determine operation 
under unbalanced conditions. It is also possible and 
desirable to distinguish other reactances, particularly 
those which obtain with the rotor stationary, and those 
which are encountered by harmonic currents. At the 
same time, improvements have recently been made in 
methods of calculating leakage reactance and armature 
reaction. Therefore, on account of the increasing 
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reactance, and the variation in this latter quantity depending upon 
whether current or voltage is impressed on the machine. An im- 
porlant aspect of the division of synchronous reactance into armature 
reaciion and leakage reactance is discussed. Transient reactance is 
shown to be the difference between synchronous reactance and the 
ratio of the mutual reactance between armature and field and the total 
field reactance. Calculations are included to show that the short- 
circuit and open-circuit time-constants are related to each other in a 
simple manner. 

The appendizes cover the following subjects: 

a. Application of the Principle of Superposition to Synchronous 
Machine Analysis. 

b. Replacing the Effect of Induced Field Currents by Employing 
Transient instead of Synchronous Reactances. 

c. Significant Rotor Circuits in Addition to the Main Field 
Winding (which affect transient reactances). 

d. The Negative Phase-Sequence Reactance of a Synchronous 
Machine with Negative Phase-Sequence Voltage Impressed. 


e. Construction of Equivalent Circuits: Concept of Field Leakage 
Reactance. 

f. Calculation of Total Field Reactance. 

g. Relation of the Mutual Reactance Between Armature and 
Field to the No-Load Excitation Current. 

h. Relation Between Three-Phase and Single-Phase Reactances. 

i. Discussion of the System of Notation Used in the Paper. 

j. Per-Unit Representation of Quantitities. 


* * * * * 


complexity of the subject it is felt that a critical survey 
of it is in order. The object of the paper has been to 
provide a survey of this character which would be of 
value both from the standpoint of system analysis and 
from that of fundamental theory. 

Since the requirements of these two points of view are 
to a considerable extent distinct, the paper has been 
divided into two parts. Part I treats the subject. with 
regard to those factors which are important to designing 
and application engineers, and to operating engineers. 
Part II discusses in detail the theoretical considerations 
involved, with a view to broadening and classifying 
existing conceptions of reactance. 


PART I. REACTANCES PARTICULARLY AFFECTING 
OPERATION 


In the analysis of system stability, and in the calcu- | 
lation of the effect of short-circuits, the factors of 
interest to operating engineers are those which relate 
to the behavior of the machine as viewed from the 
armature terminals. The most significant of these 
factors are the armature reactances of machines to 
normal frequency current having any distribution 
between phases, any power-factor, and whether trans- 
ient or sustained; also, in connection with transient 
components of current, their rates of decay, or 
decrements. 

Types of Reactances. The major types of armature 
reactances then are to be distinguished according to: 
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A. Distribution; that is, the relative distribution of 
current between phases. 

Any distribution of armature current may be 
expressed as the superposed sum of three symmetrical 
components :* 

a. Balanced three-phase currents of normal phase 
rotation, or positive phase-sequence, | 

b. Balanced three-phase currents of reverse phase 
rotation, or negative phase-sequence, and 

с. Balanced three-phase currents of equal time 
phase, or zero phase-sequence. 

B. Method of application in time of positive 

phase-sequence currents. 

Here it is desirable to distinguish between: 

a. Steadily applied, or sustained currents, 

b. Suddenly applied, or transient currents. 

In the case of armature reactances these differences 
are due to the transient currents induced in the rotor 
circuits when armature current is suddenly applied. 
If, as is generally so, there are closed circuits on the 
rotor in addition to the field winding, as for example an 
amortisseur, it is found that some of the currents in the 
rotor circuits may die away very rapidly. In order to 
distinguish between the effect of these currents and the 
effect of those which die away slowly, it is desirable to 
establish two (or more) transient reactances. The 
higher reactance, t. e., the reactance which depends on 
currents that die away slowly, is then referred to as the 
transient reactance of the machine. The lower reactance 
may be referred to as the sub-transient reactance on 
account of its lower value. 


C. Position of the rotor with respect to axis of 
magnetization of positive phase-sequence currents. 

When the rotor is moving synchronously, the positive 
phase-sequence current can be resolved into two 
components, one of which magnetizes in the axis of the 
poles, and the other in the inter-polar space. Accord- 
ingly, these components are referred to as direct and 
quadrature, and the corresponding reactances are: 


a. Direct, or 
b. Quadrature. 


Thus, to summarize, the types of armature reactance 
which have been considered so far are to be distin- 
guished according to whether they are: 


A. Positive, negative, or zero phase-sequence, 
B. Sustained, transient, or sub-transient, 
C. Direct or quadrature. 


The determination of a suitable notation for these 
reactances should depend more upon present and future 
requirements than merely upon previous practise. 

After careful consideration of the subject, it seemed 
that a consistent notation could be obtained by denot- 
ing the various types of reactance according to the 
method outlined below: | 


3. Reference (11). 
4. А considerably broader conception of direct and quadrature 
quantities is developed in Part II. 
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A. Distribution. 
Armature reactances 
Positive phase-sequence zı, or no subscript 
Negative phase-sequence =; 
Zero phase-sequence ж 
B. Application in time. 
Sustained—No special indication. 
Transient—One prime, 7. e., x’ 
Sub-Transient—Two primes, 7. е, x” 
If it is desired to distinguish other degrees of tran- 
siency, additional primes may be added. 
C. Position of rotor. 
Direct х 
Quadrature z, 
The various armature reactances of the types dis- 


eussed are then represented by the notation shown in 
Table I. 


TABLE I 
ARMATURE REACTANCES 


та Direct synchronous, positive phase-sequence. 
хс Quadrature synchronous, positive phase-sequence. 


tq’ Direct transient, positive phase-sequence. 

za Quadrature transient, positive phase-sequence. 
za" Direct sub-transient, positive phase-sequence. 

Za” Quadrature sub-transient, positive phase-sequence. 


х Negative phase-sequence. 
zo Zero phase-sequence. 


Definitions and Methods of Test. Synchronous reac- 
tance: The problem of determining the relations between 
fundamental components of armature voltage and 
current during steady operation has been thoroughly 
analyzed by Blondel,’ Arnold, and Doherty and 
Nickle.” The accepted theory may be briefly sum- 
marized as follows: 


First, the balanced three-phase system of armature 
currents is resolved into two component three-phase 
systems: one in which the current in each individual 
phase reaches a maximum at the instant that the axis 
of the field pole coincides with the axis of magnetization 
of the phase under consideration; and another in which 
the current in each individual phase reaches maximum 
at the instant the axis of magnetization is in line with 
the axis midway between poles, that is, one-quarter 
cycle later. The former is called the direct component 
because it produces direct component of armature 
reaction. The latter is the quadrature component. 


Then coefficients are defined expressing the ratio of 
reactive component of voltage to armature current for 
each type of current. These coefficients are the 
direct and quadrature synchronous reactances of the 
machine. 


These reactances may be expressed either in ohms, 
or as a ratio of their reactance in ohms to normal 
ohms, where normal ohms is the ratio of normal voltage 

5. Reference (13). 


6. Reference (12). 
7. Reference (8). — 
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and current. When so expressed, they are referred to In the figures: 


as per-unit reactances.* Thus: 


reactance in ohms 


Per-unit reactance — 
normal ohms 


normal line-to-neutral voltage 


Normal ohms = normal line current: 


Consequently, per-unit direct synchronous reactance is 
defined as the per-unit fundamental component of 
reactive armature linkages, due to unit sustained direct 


а 
= ; 
£ 


м4 


Fic. 1—SATuRATION CURVE . 


component of armature current. Quadrature syn- 


chronous reactance is defined similarly. The resultant 
terminal voltage is then found by subtracting the 
reactance drop in each axis from the no-load terminal 
voltage corresponding to the existing field current, 
assuming no saturation. Hence, if the machine is dead 
short-circuited at normal voltage, the reciprocal of the 
per-unit sustained armature current is equal to the 
per-unit direct synchronous reactance. 


Fic. 2—SNcHRONOUS IMPEDANCE CURVE 


Synchronous reactances can be measured accurately 
by test. Thus, direct synchronous reactance, £a, is 
conveniently determined from the saturation and 
synchronous impedance curves of the machine, which 
Figs. 1 and 2, respectively, represent. 

8. The desirability of using the term per-unit to characterize 


reactance, when expressed in terms of unity as a раг is discussed 
in Appendix J. . 


е (0 = normal armature voltage.? 

1 (0) = normal armature current. | 

Го = field current required to produce еко at no-load. 

I, field current required to force normal flux 
across the air-gap. 

I, = field current required to produce normal 
armature current at short-circuit. 
Synchronous reactance, in accordance with established 
practise, is understood to be calculated on the basis of 
no saturation, and all quantities are referred to the air- 
gap line. Hence, the direct component of synchronous 

reactance is measured as the ratio of I, and I, 4. €., 


The quadrature synchronous reactance, x,, of a three- 
phase machine may be determined by the following 
method." The machine, coupled in electrical quadra- 
ture to a relatively very large synchronous motor and 
connected to the motor lines, is operated unexcited. 


The ratio of the armature voltage, e, to the correspond- ` 
ing armature current, 7, is the quadrature synchronous 


Voltage Мохе 


ee Itt 


iM ШШ T ШИП ni Tn : 
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a 


Fic. 8—“блР METHOD” оғ OBTAINING Ta AND х0 


reactance in ohms. Expressed as a per-unit quantity, 
1t 1s: e i (9 Й 
t ^ ew 


The disadvantage of this scheme is the limitation it 
imposes on the sizes of the machines which may be 
tested, due to the fact that the driving motor must be 
of sufficient 'size so that its angular displacement will 
not be appreciable. 

A method, referred to as the ‘“‘slip method,” affords, 
however, a practical means of obtaining x, and may 
also be used to obtain xz. The machine to be tested is 
left unexcited and a three-phase voltage is applied to 
its armature. The rotor is coupled to a driving motor, 
of sufficient capacity to overcome the reluctance torque 
at the reduced voltage, and is run at a low value of slip. 
In this manner the poles are slipped past the m. m. f. 
wave. The magnetizing current is then a function of 
the rotor position with respect to the m. m. f. 

The oscillogram of Fig. 3 is the result of such a test. 


9. The subscript, (0), enclosed in parentheses, refers to normal 
values, and should not be confused with the subscript, 0, used to 
indicate zero phase-sequence quantities. 

10. Two alternative methods of obtaining z, are given in Ref- 
erences (3) and (7) respectively. 
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It will be noticed that both the current and voltage are - 


modulated harmonically as the pole position changes, 
the variation in voltage being due to reactance drop in 
the source of power employed. 

When the poles line up with the axes of the phases, 
position (a) on the above curve, the current is a mini- 
mum. At this position the ratio of voltage to current 
is the direct synchronous reactance. Similarly, when 
the axes of the phases are midway between the poles, 
position (b), the ratio of voltage to current is the 
quadrature synchronous reactance. | 

This last means of testing for the synchronous 
reactances is simple and has several points of advantage. 
Thus, the power supply to the tested machine can be 
small, just enough so that the meter readings are 
easily obtained. Corresponding readings, or oscillo- 
grams, of voltage and current can be taken, and the 
calculated reactances plotted as a function of time or 
pole position. Also, the driving motor need only be 
of sufficient capacity to supply the reluctance torque. 
Moreover, if the motor speed is well regulated, so as to 
produce a low value of slip, there will be no difficulty 
in taking readings directly from indicating instruments, 
since the swings of the meter needles can be easily 
followed. In some cases, it may be desirable to take 
oscillograms of both voltage and current. 

Transient reactance. When a machine is subjected to 
a three-phase short-circuit from an initial condition of 
no-load, the flux-linkages in every rotor circuit must 
initially stay constant. But, since the armature current 
tends to demagnetize these circuits, it is necessary for 
the currents in them to increase, in order that the con- 
dition of constant flux-linkages in each circuit may be 
fulfilled. С 
. This increase in rotor m. m. f. is responsible for the 
familiar fact that the initial short-circuit current of a 
machine is greater than that obtained under sustained 
conditions, after the induced d-c. currents in the field 


and additional rotor circuits have died away. The 


resultant armature current is calculated in terms of the 
voltage before the short-circuit, as the ratio of that 
voltage to a value of reactance referred to as the 
transient reactance of the machine. 

More specifically, this reactance is, of course, the 
direct component of transient reactance, since it in- 
volves only reactive or direct axis component of cur- 
rent. Thus, direct transient reactance, x4’, is 

чан кё 
4 = i 
where e is the voltage preceding short-circuit and ? is 
the symmetrical component of armature current just 
after the short-circuit. 


The exact interpretation of this definition would 


imply that the current 7 is to be measured as the value 
of the envelope of the wave of symmetrical component 
of current, as projected to the instant of short circuit. 
But, in machines with closed rotor circuits in addition 
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to the field, this initial value may not satisfactorily 
represent the performance of the machine on account 
of the fact that the current induced in some or all of 
these additional circuits may die away very rapidly. 
It is, therefore, desirable to establish the conception of 
transient reactance proper, as the value of apparent 
transient reactance which applies to the current varia- 
tion after the rapidly decaying components of current 
have died away. It can be obtained, as shown in Fig. 4, 
by projecting the envelope of the current wave to the 
instant of short circuit, neglecting the first one or two 
peaks. Point (b) of Fig. 4 corresponds to the transient 
reactance proper. The reactance determined by the 
projected value of the envelope of the first few peaks of 
the current wave, point (a), is then referred to as the 
sub-transient reactance. In practise, the low value of 
this reactance may be due in part to saturation in the 
leakage paths. | 
Practically, the value of short-circuit current can be 
expressed as the sustained value plus one or more com- 
ponents, each of which die away exponentially. Tran- 


Fic. 4— DETERMINATION OF 2%’ AND х4” BY METHOD OF 


PROJECTION 


sient reactance proper is then the reciprocal of the cur- 
rent that would exist at t = 0 i` the high-speed terms 
were absent. These relations may be made clear by 
reference to Fig. 5, which shows the observed values of 
symmetrical component of armature current from a 
three-phase short-circuit test on a large water wheel 
generator. The test was taken at reduced voltage so 
as to exclude saturation, and the per-unit values of 
eurrent have been multiplied by a factor so'as to refer 
to a test at normal voltage without saturation. 
The per-unit current is expressible in this case as, 
4 = 1.54 + 1.88 e853! + 1.06 et, 

the term with high decrement factor being due 
to the presence of a copper short-circuiting collar at 
the top of the pole. The values of direct transient 


- reactance are then, 


1.0 
1.54 + 1.88 + 1.06 


= 0.226 
and, | 
бле 1 бе ры A ТУ 
xq’ = transient = 154 + 1.83 = 0. 
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So tar, transient reactance has been interpreted only 
in terms of the no-load short-circuit current of the 
machine. But, clearly, it may also be regarded as the 
reciprocal of the ratio of suddenly applied balanced 
current, to the reactive voltage due to this current. 
It is, therefore, similar to synchronous reactance, 
except referring to suddenly applied instead of sus- 
tained currents. From this standpoint it will of course 
have both a direct and quadrature value, each of which 
in turn can be transient or sub-transient. If, however, 
as is often the case, there is no really effective winding 
in the quadrature axis of the machine, the transient 
reactance in this axis should be taken equal to syn- 
chronous. Thus, the term sub-transient reactance will 
always refer to the "high-speed" phenomena in either 


PER-UNIT CURRENT 


Fic. 5—DECREMENT OF SYMMETRICAL COMPONENT OF 
CURRENT THREE-PHASE SHORT CrRcUIT ON A 20,000-Kv-a. 
W ATERWHEEL GENERATOR 


axis. Moreover, if, as in the case of the machine to 
which the data of Fig. 5 refer, there happens to be no 
rotor winding in the quadrature axis, the sub-transient 
quadrature reactance will also equal the synchronous in 
that axis. Hence, in this case, 
т c =a, 
Оп the other hand, for machines equipped with amor- 
tisseurs, the value of the sub-transient quadrature 
reactance will be different from the corresponding syn- 
chronous value, although, as before, 
21 = X, 
since there is no really effective winding in this axis. 
In practise, an amortisseur always has a decrement 
sufficiently high so that its reactance is sub-transient. 
Thus, the per-unit sub-transient reactance of a 
machine, in either the direct or quadrature axis, is 
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defined as the per-unit value of positive phase-sequence 
voltage, due to the sudden application of a positive 
phase-sequence current of normal amount; while 
transient reactance is the corresponding apparent value 
that obtains after the “high-speed” transients have died 
out. "The four coefficients will, therefore, be 


va’ direct transient reactance 

z,’ quadrature transient reactance 

xa” direct sub-transient reactance 

x,” quadrature sub-transient reactance 


It has been pointed out that the direct sub-transient 
reactance can be determined from short-circuit tests. 
It is also possible to measure it by suddenly opening up a 
sustained short circuit, that is, applying the equivalent 
of a negative current equal in magnitude to the sus- 
tained current. Also, either direct or quadrature 
transient reactance can be found by impressing a direct 
or quadrature voltage, respectively, on the terminals, 
directly or through a reactance. In all of these cases 
the ratios of voltage to current, as shown on oscillo- 
grams, vary progressively from an initial value equal to 
sub-transient reactance, through transient, to a final 
value equal to synchronous reactance. 

Another method which is sometimes useful in deter- 
mining x.’ is to determine oscillographically the time- 
constant of the decay of armature voltage and current, 
respectively, with the armature open-circuited and 
short-circuited. If these time-constants are respec- 
tively T, and T^, xa’ may be found from the relation" 


Т, 
Т, 


provided that x, is already known. 


A convenient method, which may be used in testing 
for both x,"? and z,"!* is to apply a single-phase line-to- 
line voltage to the machine, the rotor being held still. 
The field is shorted through an ammeter and the rotor 
moved until the meter reading is a maximum, at which 
position the rotor is directly under the center of the 
phase. The direct sub-transient reactance, in ohms, 
is one-half“ the ratio of the armature voltage to the 
armature current under these conditions. 

The pole is moved slowly until the field ammeter 
reads zero, showing that the pole is in quadrature with 
the axis of magnetization. "Then, the quadrature sub- 
transient reactance, in ohms, is again one-half the 
ratio of the armature voltage to the armature current. 

For delta-connected machines the  line-to-line 
reactances are similarly divided by two and the equiva- 
lent Y-cireuit used. 


11. See Part П. 

12. If there are no auxiliary windings on the rotor this reac- 
tance is transient, 7. e., za’. Without such windings the method 
may also be used to obtain synchronous reactance by leaving the 
field open-circuited. 

13. If amortisseur windings are not present this reactance 
is the quadrature synchronous reactance. 

14. See Appendix H. 
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Negative phase-sequence reactance. In the case of a 
machine rotating synchronously the application of 
fundamental negative phase-sequence current gives 
rise to negative phase-sequence fundamental and 
positive phase-sequence third harmonic voltages from 
line-to-line and from line-to-neutral. The per-unit neg- 
ative phase-sequence reactance of amachineis thus equal 
to the per-unit fundamental phase voltage, or the per- 
unit line-to-line voltage, due to normal negative phase- 
sequence current supplied at the machine terminals. 

On the other hand, if the rotor is not moving exactly 
synchronously the line-to-line voltages will not be 
purely fundamental, but, as is shown in Part IT, they wi!l 
contain slip frequency components. On this account, 
the direct determination of negative phase-sequence 
reactance by test is often inconvenient. 

However, it can be determined very easily by static 
test since the negative phase-sequence reactance of a 
machine is very nearly equal to the average" of z," and 
$2 5 te Cn, | 

£a” + a 
ts = 2 


Zero phase-sequence reactance. The application of 
fundamental zero phase-sequence current to a syn- 
chronous machine gives rise to pulsating third harmonic 
m. m. f. in the air-gap and end-windings, and to a slot 
flux the magnitude of which varies widely with the wind- 
ing pitch. Thus, with other than full pitch coils, the slot 
flux is diminished by the presence, in the slots, of coil 
sides carrying current in opposite directions. Zero 
phase-sequence slot reactance is thus very sensitive to 
pitch, and because of the fact just previously mentioned 
is а minimum at ?/; pitch. The zero phase-sequence 
air-gap leakage also varies accordingly and disappears 
at ?/; pitch, since in this case there is по air-gap m. m. f. 
There is no armature reaction m.m.f. due to zero 
phase-sequence currents. Hence zero phase-sequence 
reactance is very small, say, from 15 to 60 per cent of the 
direct sub-transient reactance. The effect of the 
. motion of the rotor is very small, and, as a consequence, 
there are no appreciable harmonic voltages. Per-unit 
zero phase-sequence reactance is defined as the per-unit 
phase voltage with normal zero phase-sequence current 
applied. While its definition implies a condition under 
which the rotor is moving at normal speed, the difference 
in test result, if the rotor is stationary, is inappreciable. 


DECREMENTS 


Symmetrical component of current. As pointed out in 
the discussion of transient reactance, the decrement 
curve of the transient armature current of a machine on 
short-circuit will, in general, be composed of several 
simple decrement terms, or exponentials. That is, the 
current will be expressible as a series 

t 


b. a Gum 
^-aG-4be To+ee Tet.. 
15. See Appendix D. 
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where a is the sustained component of current, and b, c, 
etc., are the transient components of eurrent with time- 
constants T, T., ete., respectively. In practise all but 
one of these time-constants will be small, 7. e., less than 
about one-twentieth sec., while for dead short-circuits 
the remaining time-constants will vary in large machines 
from about 0.5 to 2.5 sec. 

Thus, a few cycles after the occurrence of a short, 
from an initial condition of no-load and voltage e, the 
armature current will be 

j] 


| [ 1 ( 1 1 
=e "Ribes 
La Xa La 


where T,’ is the short-circuit time-constant of the 
machine. 

If the machine is operating at no-load and its field 
winding is short-circuited, the variation of armature 
voltage, shortly after the beginning of the transient, will 
follow a decrement having a time-constant То, which is 
larger than the short-circuit time constant Т’. These 
time-constants are related by the simple expression 


Xa! 
Xa 


As it happens that the open-circuit time-constant of 
most large machines is about five sec., the above rela- 
tion provides an easy means of determining Т,’ when the 
other two quantities are known. The time constant 
T for a short circuit through an external reactance x is 
then given as | 
a + х 
Т = Du T'o. 

This also applies to the case of single-phase short cir- 
Thus, on single-phase short circuits, the positive 
phase-sequence component of current is to be calculated 
as the current that would exist when an equivalent'* 
three-phase short circuit is applied. 

In the case of short circuits under load the time- 
constants of the rotor circuits in the quadrature axis 
are also involved. Except for solid rotor turbo alter- 
nators, these are all so fast, however, as not to merit 
attention from an operating standpoint. 

The case of turbo alternators is also complicated 
to some extent by the large amount of saturation which 
exists in the rotor leakage paths. The effect of satura- 
tion in such paths is not confined to turbo alternators 
only, but is encountered to some extent in short circuits 
of salient pole machines. Its effect does not, however, 
greatly modify the general conclusions stated. 


16. The equivalent reactance of a line-to-line short is the neg- 
ative phase-sequence reactance viewed from the point of short, 
while for line-to-neutral shorts it is the sum of the negative and 
zero phase-sequence reactances. The negative and zero phase- 
sequence currents can, of course, be found by applying the con- 
ditions which hold at any instant,—that for line-to-line faults, the 
positive and negative components of current are equal in the 
fault; and that for line-to-neutral faults, all three components 
are equal in the fault. 
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D-c. component. On dead short circuits, the time- 
constant of the d-c. component is 


! 1 Le 
q GeV T LITT seconds 
Am r 


Т» (sec.) 
2—4 
5-7 
3 
4—7 


while if the machine is short-circuited through an аб я а 88 
external reactance, x, the time-constant is * i Dog cy тт 
1 Lo + cx E ve? see 
т = >> —— — seconds 
2af T 
where r is the armature resistance as а per-unit & S S 
quantity. | ч i i 3 eu 
The time-constant on single-phase short-circuit is “| $9 1 F 21 
calculated as for the equivalent three-phase short- ча a a oF 
circui t. oo © e о о 
Range of magnitude of reactances and бте-сопѕіатіз. 88 E 
It is noticeable that in any certain type of machine the "Ir TM 
average value of each of the partieular reactances г SS = = As 
appears to be a rather constant quantity, the deviation че M 2 i 1 
from which is not very great. Thus it is possible to oo © о со 
obtain tables showing the general limits and the average юю 
values of the reactances, such as Table П. 9 $ 
The first figures in any group of three quantities рта 88 да 
indicate the lower limit, the second figures are the © il ll 
average, and the third figures, the upper limit. It is 4 * кай Же 2 
understood that they are not absolute values, but are Ө 
representative of most machines. Where only two 5 E 
quantities are mentioned, the lower and upper limits are HM - e 4? 
meant. If only one term is given it is the average Ro х F > 
reactance. a6 
PART II Е 
THEORETICAL CONSIDERATIONS > 
The general problem of calculating the performance = 
of a synchronous machine does not admit of any but 3 


the most difficult forms of analysis, unless the effects of 
saturation and hysteresis are neglected. Therefore, 
they are not considered in the analysis which follows. 
Practically, these effects are small in a large number of 
cases. In those cases where their consideration be- 
comes necessary, the final result, or the coefficients, may 
be “shaded.” 

Since saturation and hysteresis are neglected, linear 
relations exist between current and magnetic flux. It 
then follows, as is shown in detail in Appendix A, that 
for a given motion or position of the rotor, the currents 
and voltages in any part of the machine, due to any 
currents or voltages impressed at its terminals, may be 
found by superposing the effects that would result from 
the action of each separately. Thus, there will exist 
factors of proportionality between the voltage or current 
impressed at any terminal, and the voltages and cur- 
rents at all other points of the machine. 

For instance, if the armature of the machine is open- 
circuited, a steady voltage impressed on the field will 
give rise to a steady direct current in the field, and to 
fundamental and harmonic voltages at the armature 
terminals. On the other hand, if, say, one phase of the 


0.60—0.80--1.10 | 0.40-0.50-0.70 | 0.60-0. 


av. 1.60 


0.60—1.0 —1.25 | 0.40—0.65—0.80 | 0.20-0.35-0.45 | 0.40-0.65-0.80 | 0.15-0.22-0.35 


0.65—0.80-0.90 | 0.50—0.65-0.70 | 0.15-0.25-0.35 | 0.50-0.65-0.70 


0.80—1.1 -1.5 


*z varies from about 15 per cent to 60 per cent of Td”, depending upon winding pitch. 


Нівһ-Ѕреейа.................... 
Low-Speed........ * о е о ө ө ә ө е э о 
Synchronous Condensers............ 
Waterwheel Generators............. 
Solid Коіог.................... 
Laminated Rotor............... 


. Synchronous Motors 
Turbo Alternators 
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armature is short-circuited, a steady voltage applied to 
the field will give rise to steady and harmonic currents 


in the field, and harmonic currents and voltages, 


respectively, in the shorted and open armature phases. 
The ratios of these various currents or various voltages 
to the impressed field voltage may be referred to as the 
characteristic coefficients of the machine with reference 
to the particular condition of operation and the particu- 
lar terminal quantity impressed, which in the illustra- 
tive case under consideration happens to be field 
voltage. 

In general, characteristic coefficients can be estab- 
lished to cover any combination of impressed and result- 
ant quantities, of any frequency, in any of the four 
distinct terminal circuits" of the machine comprising 
the three armature phases and the field winding. 
These coefficients may be further distinguished from 
each other according to the rate and time-phase of 
application of the impressed quantities, the character 
of the terminal circuits on which these quantities may 
be impressed, the motion and position of the rotor, and 
the time-phase of the resultant quantities relative to the 
impressed quantities. 

The general problem of classifying and establishing a 
nomenclature for all of the various types of coefficients 
would be difficult, especially as there is no generally 
accepted name for the voltage, due to a voltage, or the 
current due to а current.? Moreover, the necessity 
for a careful study of the broad subject is not pressing 
at present, although it is anticipated that as progress 
is made in the analysis of machine performance, the 
recognition and employment of an increasing number of 
characteristic coefficients will take place. 

However, the specific problem of. classifying and 
studying that particular class of coefficients, which 
refers to the reactive voltages and currents in syn- 
chronous machines, is relatively straightforward: at 
the same time it is important, in view of the practical 
significance of this type of coefficient in the study of the 
phenomena occasioned by short circuits. It is this 
comparatively restricted aspect of the general subject 
which is considered in the present paper. 


Following conventional practise, these particular 
characteristic coefficients which express the factors of 
proportionality between reactive voltage and current, 
are referred to, generally, as reactances. 


Dependence of Reactance on Terminal Circuit. Unlike 
a simple reactance, however, these reactances are not 
independent of the character of the terminal circuit. 
Thus, when negative phase-sequence voltage is applied 
directly at the terminals of a three-phase machine, the 
phase current contains a negative phase-sequence 


17. Three-phase machines are referred to. The armatures of 
single-phase machines may be regarded as three-phase armatures 
with one leg left idle in operation. 

18. The term short-circuit ratio, expressing the per-unit arma- 
ture current on sustained short circuit due to the application 
of no-load field current, is an exception to this rule. 
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fundamental and a positive phase-sequence third 
harmonic. Neglecting the effect of the resistance of 
the closed rotor circuits as regards double frequency 
current, the per-unit value of the fundamental com- 
ponent of current with normal negative phase-sequence 
voltage applied is approximately 


н) 
Aer a) 
corresponding to a reactance: 
2 £a" 24" 
= ESN T 2 
X2 ха” + ж,” ( ) 


If this voltage were applied through an external 
reactance, x, the total reactance of the circuit would be: 
2 (z4" + £) (£ + x) 
La" + T + X. + T 
Thus, the effective negative phase-sequence reactance 
of the machine would be: 
2 (xa" + x) (£ + 2) Е 


Ёо = 
2 te" +2," +22 


22," Xo + T (£a + XL") 


"t a" + x + 2 T (3) 
If x is sufficiently great this reactance becomes: 
1 
X; = 5 (Ca dx). (4) 


Physically, the effect of the external reactance is 
to force the current in the machine to be sinusoidal, and 
to permit the existence of a third harmonic voltage 
across each phase. This results in a change in the 
effective negative phase-sequence reactance of the 
machine. This change may be considerable. For 
instance, the ratio of the two extreme types of reactance 
given by equations (2) and (4) might be as high as five 
to one.!? 

In the case of sustained single-phase line-to-line 
short circuit, on the other hand, or in the equivalent 
ease of fundamental voltage impressed from line-to-line, 
the per-unit fundamental component of eurrent is shown 
by Doherty and Nickle to be:?° 


19. Inthe case of the small machine employed in the tests illus- 
trated in Doherty and. Niekle's paper Synchronous Machines 
IV the negative phase-sequence coefficient is 0.40 when negative 
phase-sequence voltage is impressed directly, and is 1.99 when the 
voltage is impressed through a large reactance, or a ratio of five, 
based on the smaller quantity. This, however, is a very extreme 
case. 

In machines of normal design, the ratio would be ap- 


proximately, 
Water-wheel generators.............. 1.30 
Synchronous Motors and Condensers. .1.04 
Turbine Generators.................. 1.00 


The exact difference in these two types of reactances is dis- 
cussed in detail in Appendix D. 

20. This form follows from equation (27b) of the paper men- 
tioned by substituting хр = 2 za, zp’ = 224", and z9' = 2 z4". 
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МЗ е 
La + V La” ad 
where e is the per-unit voltage before the short. Thus e 
is also the per-unit value of the equivalent line-to-line 


voltage impressed. But, in the analysis provided by 
the method of symmetrical coordinates, this current is: 


V3 е 
La + 2 ` (5) 
Thus, for the particular type of short-circuit under 
consideration, the effective negative phase-sequence 
reactance is 
to = У Ха" La” (6) 
that is, the geometric average of x,” апа x,”. If, how- 
ever, the short circuit is effected through an external 
reactance, x, per phase, the reactance of the complete 
circuit is: 
у (z4" + х) (2 ," T х) 
and the effective reactance of the machine is: 


12 = у (2а + 2) (х0 + Ж)— 2 (7) 
Expanding (7) by the binomial theorem gives: 
1 х y + m." x "v ” 
[0 | EE AER 
1 T " + T " T " x "y 2 
d q . d а _ 
-4| к к рее ete. | x 
When z is sufficiently large this becomes 
1 
т = 5 (wal bon) (8) 


as in (4). | 

In practise short circuits are usually effected through 
some external reactance. For this reason, and in order 
to retain the principle that the reactance of a machine 
and any external reactance in series?! is the sum of the 
machine and external reactances, it is desirable to 
normally regard the reactance of a machine, when 
referred to without qualification, as that obtaining with 
a large external reactance in each phase, or the reac- 
tance that obtains with fundamental current rather than 
voltage impressed. Thus, negative phase-sequence 
reactance is to be interpreted normally as the effective 
phase-sequence reactance with current rather than 
voltage impressed and, numerically, may be taken as 
the average of x," and x,”. 

So far, it has been pointed out that the effective 
negative phase-sequence reactance of a synchronous 
machine varies with the nature of the circuit external 
to the machine. This effect, however, is not limited to 
the negative phase-sequence reactance, but applies, to 
a slight extent, to positive and zero phase-sequence 

21. When reactances are to be taken in parallel the principle 


is reversed. However, it is felt that usually the series principle 
is the more useful. 
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reactances. Thus, when fundamental current is “im- 
pressed" on a synchronous machine, the rotor of which 
is moving normally, harmonic as well as fundamental 
terminal voltages are produced. If, however, the 
machine is supplied from an infinite bus these harmonic 
voltages are short-circuited. But an nth harmonic 
current of proper phase-sequence, taken in combination 
with a winding which does not exclude nth harmonic 
m.m. f., results in the rotation of this m. m. f., in 
synchronism with the poles. Also, with a salient pole 
machine, an nth harmonic m. m. f. over the pole can 
give rise to a flux of fundamental pitch, and thus 
generate fundamental voltage. It follows that if the 
harmonic voltages which exist with current impressed 
are short-circuited by impressing fundamental voltage 
at the terminals of the machine, the effect of the result- 
ing harmonic currents will be to generate some funda- 
mental voltage. This slightly modifies the proportion 


Ес. 6—30,000-Kv-a. WATERWHEEL GENERATOR. Rotor CIR- 


CUITS: FIELD COLLAR 


between positive phase-sequence current and voltage 
from the value which would obtain with current im- 
pressed at the machine terminals. 


DIVISION OF SYNCHRONOUS REACTANCE INTO ARMATURE 
REACTION AND LEAKAGE REACTANCE 


Armature reaction. The synchronous reactance of a 
machine is ordinarily calculated as the sum of the 
armature reactance due to armature reaction flux, and 
the armature reactance due to leakage flux, but the 
exact line of demarcation between reactive and leakage 
flux has not always been very carefully drawn. 

Originally, armature reaction was apparently con- 
sidered equivalent merely to the action of a lumped coil 
moving along the armature surface and subtracting its 
ampere-turns directly from the ampere-turns on the 
pole. Later, it was realized that it was desirable to 
modify the effective amount of armature reaction to 
take account of the facts;—that the m. m. f. of armature 
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reaction existed at the armature surface and, hence, a 
given amount of it did not have the same effect as if it 
were due to the field winding; and that the principal 
component of m. m. f., and the only one that is station- 
ary. with respect to the poles, is distributed sinusoidally 
along the armature surface. 


Amortisseur 
#— Short Circuiting Field Collar 


Fic. 7—150-Kv-4. HIGH-SPEED SyNcHRONOUS Моток. Rotor 
CIRCUITS: AMORTISSEUR, FIELD COLLAR 


Thus, in recent theory, armature reaction is under- 
Stood to refer to the space fundamental or stationary 
component of m. m. f. due to the armature. However, 
some question arises as to whether the term should be 
interpreted to apply to the total synchronous m. m. f., 
due to the armature, thus including the synchronous 
m. m. f. in the end-windings, or whether it should be 
limited so as to refer only to the m. m. f. along the 
stacked length of the machine. 

Obviously, the answer to this question should depend 
on the relative value of each alternative as regards 


Fic. 8—240-Kv-4. Low-SPEED SyNcHRONOUS Moron. Rotor 
Circuits: AMORTISSEUR 


calculating the performance of the machine. But the 
chief purpose of separating out the voltage due to 
armature reaction from the total synchronous reactance 
drop is to consider separately those fluxes which can 
normally penetrate the rotor windings, and which can, 
under abnormal conditions, induce direct current or 
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slip frequency in these circuits. Therefore, it appears 
logical that, in general, armature reaction should be 
taken to include all of the m. m. f. that is stationary with 
respect to the rotor, since, and especially in induction 
motors or turbo alternators, the end-winding m. m. f. 
can produce a flux which links the rotor circuits. 
Hence, this point of view, 2. e., that armature reaction 
exists in the end windings as well as along the stacked 
length of the machine, is favored by the authors. 

However, from a practical point of view, the net 
effect of the armature reaction in the end-windings of a 
salient pole machine is usually negligible as far as 
regards the induction of flux in any of the rotor circuits. 
Consequently in the present state of the art, at least, 
it is legitimate to regard all the end-winding flux of 
salient pole machines as leakage flux. 

In the case of turbo alternators, this assumption is 
less correct, although the action of the iron end-rings 
employed on these machines tends to reduce the mutual 


Fic. 9—25,000-Kv-a. Rotor 


SYNCHRONOUS CONDENSER. 
Circuits: AMORTISSEUR, FIELD COLLAR 


flux between armature and field, and, thus, lessen the 
degree of approximation involved. However, these 
machines have a relatively small leakage reactance, 
so that the error involved, practically, in treating end- 
flux as all leakage is small here also. 

On the other hand, in the case of induction motors, 
there can exist a comparatively large amount of end- 
flux. Since a considerable part of this flux may be 
mutual with the rotor winding, the approximation 
that end-flux is all leakage cannot be satisfactorily 
employed. 

Thus, on account of physical appropriateness, and to 
obtain consistency, it is desirable, normallv, to consider 
all armature m. m. f. which is stationary with respect 
to the rotor as armature reaction. In practical 
computations, however, it is desirable, at present, to 
limit the term to the m. m. f. in the stacked length of 
the machine, except in the case of induction motors and 
special synchronous machines. 
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In addition to establishing the conception of armature 
reaction as denoting a particular type of m. m. f., it has 
appeared desirable to broaden the scope and applica- 
tion of the term so that it may apply not only to m. m. f. 
but also to fluxes and their linkages. Thus, it is pro- 
posed to eharacterize by the qualifying term armature 
reaction all those phenomena which depend upon the 
action of the synchronous component of armature 
m.m.f. In this way there are: 


A. M.m.f. of armature reaction, or armature reaction 
proper; all the synchronous armature m. m. f. 


B. Flux or flux density of armature reaction; that 
component of flux, or of flux density at any point of the 
air-gap or in the rotor, which is due to the armature 
reaction m. m. f.; under normal conditions, all that flux 
or flux density which is stationary with respect to the 
rotor. 

C. Linkages of armature reaction; the linkages with 
any circuit on the armature, or rotor, of the fluxes of 
armature reaction. 

D. Reactances of armature reaction; the reactive 
coefficients expressing the voltages of armature reaction 
(i. е., linkages) in any circuit on the armature, or 
rotor, due to normal armature current. 


The reactance of armature reaction, or in the case of 
induction motors, the magnetizing reactance, will, 
however, when referred to without qualification, mean 
the per-unit armature fundamental linkages due to 
normal positive phase-sequence armature current and 
will have direct and quadrature components, thus: 


Zaa = direct reactance of armature reaction 

Zag = Quadrature reactance of armature reaction. 
Methods of calculating armature reaction have been 
given by R. W. Wieseman.” 

Leakage Reactance. Leakage reactance is defined as 
that part of synchronous reactance which is not in- 
cluded in the reactance of armature reaction. Hence, 
there are two components 

“Lia = La— Lad 

Lid = La — Lag 
They are the reactances due to the flux in the slots and 
to the flux produced by the moving harmonic of 
m. m. f., which latter is that flux in the air-gap or end- 
winding which is not normally stationary with respect 
to the poles. Actually, the flux due to the nth harmonic 


1 
m. m. f. pulsates over the rotor at ( 1— = ) times 


normal frequency and, therefore, is subject to the 
demagnetizing influence of the field winding and all 
other closed rotor circuits. Consequently, in deter- 
mining the permeance? of the air-gap to nth harmonic 
m. m. f. the effect of these circuits should be considered. 
In practise, however, the rotor circuits are adjusted as 


22. Reference (5). 
23. Reference (8). 
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far as possible so that this effect is small in order to 


_ eliminate losses in these windings. 


Methods of calculating leakage reactance are given 
by Mr. P. L. Alger in a companion paper on this subject. 


THE IDEAL SYNCHRONOUS MACHINE 


The ideal synchronous machine has a sinusoidal 
open-circuit voltage wave, and leakage reactance 
unaffected by rotor position, 2. e., only armature reac- | 
tion flux is affected by pole position. Practically, the 
divergence of machines from this ideal type is often 
important; for example, as a cause of circulating cur- 
rents, or, in the case of motors, of locking at part speed. 
In a large number of cases, however, it is legitimate to 
neglect these differences. The calculation of the 
electrical behavior of an ideal machine of this type can 
be accomplished in terms of a relatively small number of 
characteristic constants. Thus, it may be shown?‘ that 
the per-unit linkages in phase a of an ideal synchronous 
machine are expressed as 


ya = І cos 0—I,sin 0— > (ia + dy + te) 


Yat £a & 
— —— $a. — 


- to + te | 


2 


= A | i сов (2 0) + і cos (2 0 — 120) 


+ i, cos (2 6 + 120) ] (10) 


where, 

а t», and t, are the instantaneous currents in phases 
a, b, and с. | 

14 їз the nominal voltage, or per-unit rotor current 
in the direct axis. 

І, is the nominal voltage, or per-unit rotor current in 
the quadrature axis, ahead of the poles. 

0 = electrical degrees in direction of normal rotation 
between axis of poles and the magnetic axis of phase a. 

Axis of phase b is 120 deg. ahead of the axis of phase a. 

Axis of phase c is 120 deg. behind the axis of phase a. 

The linkages in phase b are similar except that 
(0 — 120) is substituted for 0 in the first two terms, © 
1, for ?, in the fourth term, and (120 — 0) for 0 in the 
fifth term. The linkages in phase c are obtained in a 
corresponding way. From this, the voltage of any 
phase ean be obtained from the relation 


d y, 
dt 


In order to determine the reactance between the 
armature and rotor, it is of great benefit to resolve the 
armature quantities under consideration with respect 
to the two axes of symmetry of the poles, à procedure 
introduced by Blondel and further developed by Arnold, 
and Doherty and Nickle. 


24. Reference (14). 


ё. = — 74. (11) 


Feb. 1928 


To this end, and in analogy with their recognized 
significance under steady conditions of operation, let 
the direct and quadrature components of current at 
any instant, and under any condition of operation, be 
taken equal to the instantaneous amplitudes of the 
direct and quadrature components of armature m. m. f. 
It may be shown? that, at any instant, the magnitudes 
of these m. m. fs. are equal to the quantities 


2 
g [tacos 0 + ts cos (0 — 120) + t. cos (0 + S 
(12 


tg 


Amm I | 

ба = = [22 sin 0 + 2 sin (0 — 120) + 2, sin (0 + 120) ] 
The currents, 2; and 2,, then determine the reaction 

of the armature on the rotor at any instant. In general, 

there will be more than one rotor circuit. Consider, 

however, any particular circuit, say circuit h of the 


Rotor CIR- 


TURBO ALTERNATOR. 
cuits: Котов Iron, METAL WEDGES 


Fig. 10—10,000-Kv-a. 


direct axis; that is, circuit hd. There will be factors 
of proportionality between the linkages, Yaa, in this 
circuit, the currents in every other rotor circuit in the 
direct axis, and the instantaneous direct component of 
armature current. Thus, there is 

Vara = Xia +- X ata lia + ee ee са DOS 


+ Xinalna t+... . Ха Т, – Xana $a (13) 
where | 
I = per-unit field current 

Ing = per-unit current in circuit k of the direct axis 

Х,а = per-unit mutual reactance of field with circuit 
hd 

Х „а = per-unit mutual reactance of circuit hd with 
circuit n d. 

X xma = per-unit mutual reactance of armature with 
circuit h d. 


Similar relations exist in the quadrature axis except that 
field current is not involved. 

If there is only one rotor circuit, equation (13) becomes 
merely 


25. Reference (14). 
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У = X I — X m ta 
in which Y, X, Xm, and I refer to this circuit. 

In order to retain the valuable principle that the 
per-unit nominal voltage is equal to.the total rotor 
current, it is desirable to define unit current in any 
circuit as that current which acting by itself produces 
normal space fundamental flux at the armature surface. 
In this way the nominal voltage at any instant is always 
to be identified as the instantaneous rotor current. 
Thus, in the direct axis, as 

1а=1-+ 14+ 14+. . + 1м (14) 

Transient Reactance. In analogy with the procedure 
employed in determining the effect of the armature 
circuit on the rotor, it is desirable to establish the con- 
ception of instantaneous direct and quadrature com- 
ponents of armature linkages. If these components 
are defined as 


| 


2 
Va lv. eos 6 + ya cos (0 — 120) + V. cos (0 + 120)] 


(15) 
2 
V. = — [4а sin 0-- y, sin (6—120) +, sin (0--120)] 


it may be verified that the simple relations, which 

obtain between armature linkages and armature and 

rotor eurrents under steady conditions, now hold at 

any instant. That is, under all conditions, 
| Va = I4— ata 
Yq = I а Ta la 

Transient reactance will then be the constant of 


(16) 


proportionality between y and 4 when 7 is suddenly - 


impressed. "Thus, if A y, is the sudden change in ya 
when a current A 2, is suddenly impressed, there is 


А ya 


Ata (17) 


Ха’ = — 


But, A ya = Ala— Za Ata 
where A Г, is the corresponding increase in direct axis 
rotor current. "Therefore, 
Ala 
‘= Hm ev 1 
La La n (18) 


and similarly in the quadrature axis. The value of 
A I, may be found by solving the » equations 

Y = Yua = Fu =... .Yaa—0 (19) 
subject to the conditions £; = Д а. АТ, may be found 
similarly. We shall only consider in detail here the 
case of a single rotor circuit. The equations (19) 
become in this case merely 

Y = ХАЈ-– X, Аі, = 0 

from which it follows that, in this case, 


Xm 


tta! = gam Ў. (20) 


where X,, is the mutual reactance of the main field wind- 
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ing with respect to the armature, and X is the total field 
reactance. 

Calculation of Rotor Reactances. Before calculating 
these quantities in per-unit terms it is necessary to 
decide on an appropriate value of normal or unit link- 
ages. It has been found convenient to specify normal 
linkages in each rotor circuit as the product of normal 
flux by the number of series turns in the circuit. On 
this basis it is shown in Appendix G that, for any rotor 
circuit h, 


А (0 


Ahm = 
m Fr (0) 


(21) 


where, 


А (о = 2.12 х (effective full-load armature ampere- 
turns per pole, per phase). 

Е, (о = normal no-load ampere-turns of circuit h 
with no saturation. 

Thus, the determination of the mutual reactances of 
Xm» can be reduced to the determination of no-load 
excitation ampere-turns in each rotor circuit. 

The self and mutual rotor reactances at present 
require flux plots for their determination, except in the 
case of the total field reactance. - 

As shown in Appendix F, the latter is given by the 
expression 

F (9 
X-K,- dum LL 
where K, and L are given by formulas and curves in 
Doherty and Shirley's 1918 paper on reactances, | is 
the stacked length of the machine, and Фф (о is normal 
no-load armature flux. The transient reactance of a 
machine with no additional rotor circuits is then givenas 


A (o 1 


Fo) К, + F (о) IL 
P (0) 

Equivalent Circuits and Field Leakage Reactance. 
This general subject is treated mathematically in 
Appendix E. It is shown that any number of equiva- 
lent circuits can be constructed to represent the rela- 
tion between armature and rotor currents and linkages. 
Of the various circuits which may be so constructed 
there is one in which the armature branch is х4, and the 
magnetizing branch is Yaz. The field branch of. this 
particular circuit has been referred to as the field leakage 
reactance, and is denoted by Х,.26 It is shown in 
Appendix E that X, may be expressed in terms of the 
quantities already described by the relation, 


Lad X 
Xi- 2 ( X -1) 


Field Voltage. It sometimes is desirable to define 
normal field voltage as the voltage which will just force 
normal current through the resistance of the field, but 


26. Reference (6). 


(22) 


Xa! = Za — (23) 


(24) 
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in order to obtain symmetry with the equations for 
armature voltage a different procedure is here employed. 
In the following, normal voltage of any rotor circuit is 
that voltage which would exist in this circuit if normal 
flux changed through it at normal frequency. Normal 


resistance is then the ratio of normal I R drop to this 


voltage. In this way the per-unit voltage of any field 
circuit, say h d, is 


dv 
Еһ = ~y + Rna Ina (25) 
while for the field circuit proper there is 
p= +В] 26 
E (26) 


Decrements. Only the case of a machine with the field 
as the only rotor circuit will be considered. In this 
case, if the armature is open-circuited, there is 

v-—-XI 
and 


dI . 
B=X7, +k! 


so that the open-circuit time-constant of the field is 


| X |. 
Т» = TR (radians) (27) 


If the machine is short-circuited through a reactance 
x, and the effect of the resistance of the armature circuit 
is negligible, as is normally the case, there is 


РЕГЕ 


La Е 
_ +7 dl 


Latex x dt 
so that the time-constant of the field, in this case, is 
zal +x 
m= ta tH 2 Т, 


The time-constant оп dead short-circuit is 


XI 


+RI 


(28) 


La’ Р 
ту = To 
La 


(29) 


The effect of armature resistance, or of machines 
operating in parallel, is to modify these results in a 
complicated way which will not be considered here. 

If, as is ordinarily the case, the resistance of the rotor 
circuit is negligible, the time-constant of the direct 
current in the armature depends upon the inductance 
of the armature to direct current in the same way as 
the time-constant of direct current in the field depends 
on the inductance of the field to direct current. The 
inductance of the armature to direct current is, however, 
the average of x," and z,", and is thus equal to the 
negative phase-sequence reactance. Thus the time- 
constant for the d-c. component in the armature is 
simply 
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2s may be found by superposing the voltages due to any 
po (radians) components into which this current may be resolved. 
To illustrate, the armature voltage due to a field 
as stated in Part I. current J, and an armature current ?, may be found as 
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Appendix A 


APPLICATION OF THE PRINCIPLE OF SUPERPOSITION TO 
THE ANALYSIS OF SYNCHRONOUS MACHINES 


In a synchronous machine, as in a static device, the 
flux density at any point will be in linear relation to 
the total number of currents in every circuit of the 
machine, providing saturation and hysteresis are 
neglected. However, in a synchronous machine the 
factors of proportionality between flux density and 
current depend upon the angular position of the rotor. 
Thus, if the circuits in the machine are.numbered 1, 2, 
etc., the component of flux density in a given direction 
at any point of the machine will be related to the 
currents in a manner shown by the following equation: 

В = Һ (0) 4 + № (0) 1 +. . . . ete. 

Consequently, for a given position of the rotor, the 
flux at any point in the machine may be found by 
superposing the fluxes due to the current in every circuit 
acting separately. Also, the flux due to the current in 
any circuit may be found by superposing the fluxes due 
to any components into which this current may be 
resolved, taken separately. 

The same rule will of course apply to linkages. Thus, 
the linkages in circuit 1 will be represented as 


yı = Àu (8) ti + A (0) $2 +. . . ete. 
where 2, is the self-inductance of circuit 1, and A; is 
the mutual inductanee of circuit 1 with respect to 
circuit 2. The voltage in circuit 1 is then 


d 
е = ridi + 


(dM (d 0x. di dħ:(0) d0. 
-(5 d 6 ir) Som 10 dt" 
d | 

+ Ais (0) im +... . ete. 

But, sinceif ? = 4, + 1, 
d diz d 4, 
di ^ dt t di 


it follows that, for a given position and speed of the rotor, 
the voltage in any circuit of the machine may be found 
by superposing the voltages due to the current in every 
other circuit acting separately. Also, under the same 
conditions, voltage due to the current in any circuit 


апа? acting separately. "Thatis, the voltage under load 
may be found by subtracting from the no-load voltage 
corresponding to the existing field current, the voltage 
due to the impedance drop caused by the armature 
current. Or, the voltage due to a current 

1 = 1, Sin (t + a) 
can be found by superposing the voltages due to 
currents 

1, = i, COS Q SÌN Ї 
and, 

Фу = 1. Sin a cost 
acting alone. 

So far it has merely been pointed out under what 
conditions the voltages due to a given current distri- 
bution can be found by superposing the voltages due to 
any components of the distribution. Suppose, how- 
ever, that a given distribution of voltage is impressed 
at the machine terminals. Let this distribution be 
characterized by the symbol e (t), and let e, (t) and e, (t) 
be component distributions into which e (t) may be 
resolved so thate (t) = e, (t) + e, (t). Let the currents 
due to these distributions be 7 (t), 7, (t), and 2, (t). 
Then there must be 

t (t) = 1. (t) + i, (0) 
since this result fulfills all the conditions imposed by the 
differential equations and terminal conditions of each 
circuit of the machine, provided that the position of the 
rotor as a function of time, 0 (t), is the same with e (t), 
e, (t), and e, (t) impressed. 

Thus, it follows that the current distribution due to a 
given distribution of armature voltage may be found 
by superposing the current distributions due to any 
components into which the voltage distribution may 
be resolved, provided that the motion of the rotor, as a 
function of time, is the same for the components as for 
the resultant. 

For example, if a machine is supplying current to a 
reactor and is then short-circuited, the current at any 
time after the short circuit may be found by super- 
posing on the initial current distribution the fictitious 
currents which would be due to the application of a 
negative voltage at the point of short circuit. This 
negative voltage is equal and opposite to that which 
would have existed at the point of short circuit had the 
short circuit not occurred, and it is assumed to be 
applied with the machine unexcited. 

On the other hand, if the machine is supplying 
a kilowatt load, it would be only possible to calculate 
the currents at the instant of short circuit in such 
manner. This is because of the fact that generally, 
in this ease, the motion of the rotor would be different 
before and after the short circuit on account of the change 


H 
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in load effected by the short circuit. In the first instant, 


however, the inertia of the rotor would prevent a change 
in its motion. | 

When current is impressed on the open circuits of a 
machine, in which closed circuits also exist, the same 
limitations apply as in the case for voltage. In both 
events the currents and voltages due to the impressed 
quantities depend on the complete variation in time of 
those quantities. Superposition is still legitimate, 
subject to the condition that the motion is the same for 
the components as for the resultant. 


` The general statement of the possibi'ity of super- 
position is, then, that for a given motion or position of the 
rotor, the currents and voltages in any part of the 
machine, due to any currents or voltages impressed at 
its terminals, may be found by superposing the effects 
that would result from the action of each taken 
separately. | 


Appendix B 


REPLACING THE EFFECT OF INDUCED FIELD CURRENTS 
BY EMPLOYING TRANSIENT ÍNSTEAD OF 
SYNCHRONOUS REACTANCES 


Equation (10), of Part IT, gives the complete expres- 
sion for the phase linkages of a synchronous machine 
under all conditions of operation. However, in the case 
of rapidly changing or suddenly impressed currents, 
there is a definite relation between the currents in the 
field and armature circuits.” As a consequence, the 
field current terms may be replaced by terms involving 
armature currents. 

Thus, if the field circuit is closed, and the effects of a 
given armature current are to be calculated 

a. only in the first instant after their sudden 
application, 

b. under sustained conditions of such a nature that 
all m. m. fs. over the poles are pulsating, or moving at 
sufficient speed that the demagnetizing action of the 
rotor circuits is practically complete, 
it is merely necessary to substitute x4” and x,” or xa’ 


and x,’ for xz and x, in order to eliminate the terms 


The linkages in phase a thus become 
za" +2," [ 14 + £] 
ooa лы зи. 


NM a 
Ya = — 3 (0. +t + 4) — 3 2 


2% 3 [ i. сов (2 0) + 4, соз (2 6 — 120) 


+ % (cos (2 0 + 120) ] (1b) 


24 and x,’ replace z4” and x,” when the m. m. f. over 
the poles is 

a. Suddenly impressed, but steady thereafter, and 
it is desired to determine the effects of currents after 


27. 'That is, 14 = (ха R za’) td and 1, = (ж = Za”) Va. 
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the currents in the “additional rotor circuits" have died 
away. | 

b. Alternating so slowly that the demagnetizing 
action of the "additional rotor circuits" is slight. 

But if, with closed circuits on the rotor, the armature 
currents are sustained and of such a nature that the 
armature m. m. f. is stationary and steady over the 
poles, х; and x, are used as before. 


Finally, if there are closed circuits on the rotor, but 
neither of the above conditions is fulfilled, it is generally 
possible to divide the currents into two parts; first, those 
which meet sub-transient or transient reactance, and 
second, those which meet synchronous reactance. 
The appropriate factor is then used with each type of 
current. For example, a single-phase line-to-line 
current 

Ta = — tp = to cost 
is resolvable into positive and negative phase-sequence 
components as 


i | TET 
фа = vi^ [cos (t — 30) + eos (t + 30)] = 2 cost 


1 * . 
ip = va^ [cos (t — 150) + eos (t + 150)] = — to cos t 


= = to [eos (t + 90) + cos (t — 90)] = 0 (2b) 


-= For normal motion of the rotor, the positive phase- 
sequence component of current meets synchronous 
reactance, and the negative phase-sequence meets 
sub-transient reactance. Thus, 


TII eos (t — 30) 


La 


+ #5 cos (t + 2 6 + 30) 


i ч ж” x” 
Pa =— = +221 — cos (t + 30) 


Xa" — 27 


—4 соз (3t + 2 0o + 80) 


(3b) 
Appendix C 


SIGNIFICANT ROTOR CIRCUITS IN ADDITION TO THE 
FIELD 


The principal circuits in the rotor of a machine, 
besides the field winding proper, which are capable of 
signifieantly affecting the behavior of the machine 
under practical operating conditions, are listed in 
Table III. 
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TABLE III 


Significant rotor circuits 
Type of Machine in addition to field 
Amortisseur, if used. 
Field collars, if used. 
Spider, unless laminated. 
Metal Wedges 
Rotor Iron, unless laminated. 


Water-wheel Generators 

Synchronous Motors and 
Condensers. 

Turbine Generators 


Figs. 6 to 10 show these circuits pictorially for 
representative machines of each type. 
Appendix D 
THE NEGATIVE PHASE-SEQUENCE REACTANCE OF A 
SYNCHRONOUS MACHINE WITH NEGATIVE PHASE- 
SEQUENCE VOLTAGE IMPRESSED 
With normal negative phase-sequence current im- 


pressed on the terminals of a machine че рһазе сиг- 
rents аге, 


Ta = cost | 
4, = cos (t + 120) 
te = cos (t — 120) 


It follows from equation (10), of Part II, and from 
the fact that all the resultant fluxes are varying rapidly 
over the rotor,” that the flux linkages in each phase 
are, under these circumstances, 


ga + qu" ха” — T” 


Yo = -—9 cost + о cos (2 0 + 2) (1d) 


yo = T ET eos (t + 120) 


d -E l-cos (2 0 + t — 120) (2d) 


za" + x. 


фе == =@з (t— 120) 


z4" — ж” 


2 ~ cos (2 0 + t + 120) 


The variation in linkages will give rise to a voltage 
of fundamental frequency and a harmonic of 
(2d 0/dt + 1) times fundamental frequency. For 
normal motion of the rotor these voltages will be funda- 
mental and third harmonic of which the fundamental 
may be found by analyzing the voltage wave over one 
cycle. However, if the speed of the rotor is not 
exactly normal, the third harmonie in the terminal 
voltage will pulsate at the slip frequency. 

If normal third harmonic positive phase-sequence 
current is impressed, 2. e., if 

la = cos (8 t + a) 

ta = eos (8t— 120 + o) 

i, = cos (8¢ + 120 + a) 
the phase linkages become, 


28. See Appendix B. 


(3d) 
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T "p 
Va = 22и — cos (3 t + a) 
ee" — x," 
p= z cos (20— 8t— a) (4d) 
T u T y 
= E —- сов (3t — 120 + a) 
ха” = х," 
-—2 cos (2 0 — 81— 120— o) (5d) 
etc. 


If fundamental negative phase-sequence voltage is 
maintained at the armature terminals, and if the 
resistance of the armature is negligible, the armature 
linkages will also be negative phase-sequence. This 
will require that both negative phase-sequence funda- 
mental and positive phase-sequence third-harmonic 
currents exist, having a definite ratio to each other. 
Thus, let 4а be the magnitude of the negative phase- 
sequence fundmental current, and tı) be the magni- 
tude of the positive phase-sequence third-harmonic 
current. Also, suppose that the two are acting to- 
gether, and let 0 = 0, +t. Then, combining equa- 
tions (1d) and (4d), 


" y 


Р Xa d- X4 
Va = 12) 2 cos t 


y "u 


А Ta q 
+ t1(3) — z cos (8t + a) 


| Жа qu" 
+ 150) ——2 cos (8 t -- 2 64) 


| ха” — zu" 
+ 49——,5 -cos(20,— t— a) (6d) 
If, a=2 0% 
| ea" — ж,” ‚ ха” +2," 
апа, 4501) EX E = — 11(3) mu (7d) 


v, will contain only a fundamental component, 4. e., 


| + gu" (za ae tq")? 
Va NES tal) 2 — 2 (ха” E La”) COS £ 
| 2 La” 3. 
= t1) "Nu cos t (8d) 
If | We = cost 


then 


: 1 1 1 
$2) rrt) 
Q 


-7 (4 sj 
Ха” UPE 2 ха” + 4," ) 


But under the conditions specified, 


and 4» 


о dE ANN 
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V» = eos (t +120), y. = cos (t — 120), 
SO "е the current реча 


te = ES (с "T NU = ) [cost 


Ya — ^i 
— rz) 8 (81-- 269 | (9d) 
= 1/1 1 
ù=- ( 4 ) [ cos (t— 120) 
e C eos (31 4-2 6,— 120) | (10d 
ta’ +2,” ЕЕ Lg „ COS ( + 077 ) ( ) 
= 1/1 
i= ( 5 +25 ) [ сов @ + 120) 
MEN = J 
29 008 (Bt + 2 Bo + 120) | (11d) 


is just adequate to give rise to balanced normal negative 
phase-sequence terminal voltage. It follows that the 
application of balanced normal negative phase-sequence 
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voltage will give rise to a fundamental negative phase- 

sequence current of amount 


С 
9 ( ха” л,” 


The voltage may be applied either from line-to- 

line or from line-to-neutral. 
Appendix E 
CONSTRUCTION OF EQUIVALENT CIRCUITS: CONCEPT OF 
FIELD LEAKAGE REACTANCE 

Consider a machine without any “additional rotor 
circuits.” The equations relating per-unit armature 
and field linkages are, in this case: 


Va = 1— tata | (1e) 
Y —XI-—Xmaa (2e) 
The second equation may be put in the form, 
т = Xy I — ta (3e) 
Y 

where, Y = x. (4e) 

Xo = 2 5 
Q0 = (Se) 


But, equations (1e) and (3e) are satisfied by the equiva- 
lent circuit of Fig. 11. 
This circuit also holds good when the linkages Vy) 


Transactions A. I. E. E. 


are determined by an external circuit such as an 

impedance, for example, a reactance and resistance in 

series. Thus, it is possible to calculate the power 

factor of a current of any frequency induced in the field, 

or to determine the effect of external field reactance, etc. 
The field voltage equation is 


d 
Et = uq: 1o + Ro I 


where Ey = x and Ё = Y 

Reactance and resistance of the field circuit are, 
of course, to be calculated in per-unit and divided by 
Xm. Normal or per-unit resistance is the product of 
normal field current and resistance in ohms, divided 
by the voltage due to unit rate of change of normal 
flux linkages. 

While the circuit just discussed is perfectly practical, 
it is not at all the only circuit that ean be constructed, 
nor is it in every way the best, since it may involve 
negative reactances. These latter, while not incon- 
venient mathematically, are not entirely satisfactory 
from a physical standpoint. 

A particular circuit previously employed?? is that 
in which the armature branch of the equivalent circuit 
is made equal to the leakage reactance of the armature. 
In this case write: 


Va idi] e РУР (6e) 


By = ABX|— ]- вх, 2, (Te) 


where A and B are arbitrary factors to be determined in 
1 | 
such a way that 7, and 7A can be employed in. the 


equivalent circuits. Then, it is necessary that 

zta – А = х! (8е) 
or, А = $a4— ж = Laa 
But, also there must be, on account of the nature of the 
equivalent circuit: 


А = ВХ, (9е) 
А La 
В = x = X. (10e) 
The equations may then be written: 
Va = Zaa Цр — Lata (11е) 
Vin = Хул Ци %ва%а (12е) 
1 
where, Tin = ae (13e) 
Lad | 
Yin = xy Y (14e) 


29. Reference (6). 
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ET X (18e) 


Xp, = 


The equivalent circuit in this case is shown in Fig. 12. 
In this case the field voltage equation is 


d 
E) = yr wat Rin Iy 


Lad . Lad 
X. E and Ry; = X. 

The term Хд — Yaa has been referred to as field 
leakage. reactance—thus, 


where Ey = R 


Lad 
Xm 


La 
-1] = [tea — Xn] 


(16e) 
The formula for transient reactance may be obtained 


by shorting the field side of the equivalent circuit. 
Referring to Fig. 12 this gives: 


Х, = Хү Lad = Lad 


j : (Xy) = 1) 1 Xm 
La zi LICENSE СЕ =a as = ta- > 
(17e) 
or in terms of field leakage reactance 
7 X 1 Lad 
ta’ = Xi X, ta (18e) 


Xin ; 
The form ( La— z) is probably the easiest for 


calculation since; 

Хз is calculated by standard methods. 

X mis calculated from a knowledge of no-load normal 
field current. | 
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Direct Axis, МАІХ FIELD ONLY 


X may be calculated without great difficulty. It is 
merely the ratio of the total field linkages to the 
linkages the field would enclose if normal space 
fundamental armature flux linked all of the field 
turns. 

The construction of equivalent circuits when addi- 
tional rotor circuits are to be considered is more difficult 
than in the simple case discussed and will not be treated 
here. | 


Appendix F | 
CALCULATION OF ToTAL FIELD REACTANCE 


The ealeulation of total field reactance, 2. e., the 
quantity or quantities X, is conveniently accomplished 
by considering separately the fluxes at the armature 
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surface, in the slots or inter-polar space, and at the ends 
of the poles. "This corresponds to the division of 
armature leakage into air-gap, slot, and end leakage. 
The reactance X is then expressible as the sum of three 
factors relating to the armature, inter-polar space, and 
pole ends respectively. Thus: | 

X = Armature factor. + inter-polar, or slot-factor 

+ end factor.?? 

Armature Factor. That component of flux, due to 
current in any field circuit, which enters the armature 
surface will be assumed to link all of that circuit, a 
condition which, it happens, is very generally fulfilled. 
Then the armature factor in field reactance, expressed 
as a per-unit quantity, is the ratio of the total flux to 
the space fundamental component of flux entering the 
armature along one pole pitch. This factor was first 
employed by Doherty and Shirley in their paper on 
Reactance,? and has received the designation K,. 
As pointed out by them, it is capable of being expressed 
as the sum of the per-unit harmonics of flux, due to 
normal current in the circuit under consideration, 


divided by the order of the harmonic. "Thus: 
ks k; kn 
K,=1+ 3 Б +... .+ " 


where the corresponding per-unit flux density wave is: 
B=1+kssn8y+ksn5y+.. . ete, 

y being the electrical angle measured from the quadra- 

ture axis of the machine. 

It is interesting to realize, then, that harmonics in 
the no-load flux wave of a machine are of the nature of 
leakage flux. This leakage flux can, however, be 
positive or negative according to whether the wave of 
no-load flux is flat-topped or peaked. "This would be 
indicated by negative constants in the above equation. 
Charts for determining K, for ordinary field windings 
are available in the above mentioned paper on Re- 
actance. 

Interpolar, or Slot, and End Factors. These factors 
comprise the field linkages due respectively to all the 
flux in the stacked length of the machine that does not 
penetrate the armature surface and to all the end- 
flux. A formula for the field-flux linkages of salient- 
pole machines, due to flux which does not penetrate 
the armature surface, has been given by Doherty and 
Shirley.? Using the quantity L given in formula (33a) 
of that paper, the inter-polar and end factor becomes 
equal to: 


N Ito Li 
Фо) | 


Where Јо = no-load field current in amperes 
ġo = no-load space fundamental flux per pole 
l = gross stacked length of core. 
30. Reference (10) p. 1242. 
31. More strictly, all the end-flux which is not space funda- 


mental &t the àrmature winding. 
32. Reference (10), p. 1279. 
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Thus, there is: 
NI (0) Ll 
P(0) 
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RELATION BETWEEN X, AND NO-LOAD EXCITATION 
CURRENT 


Ordinarily, the leakage reactance of a machine does 
not have a transient value perceptibly different from 
its sustained one because the currents induced in the 
various rotor circuits by the leakage fluxes are sensibly 
reactive in character, 2. e., are nearly out of phase with 
the voltage producing them. Consequently, it is 
possible to neglect the changes in leakage reactance with 
method of application of current and to regard all the 
change that is necessary to account for the difference in 
synchronous and transient reactance as being due to 
the difference in the reactances of armature reaction 
in the two cases. Therefore, in calculating the values 
of the constants Xm, Xmia, ete., it is only necessary to 
consider the flux linkages of armature reaction, that is, 
` the flux linkages due to the space fundamental com- 
ponent of armature m. m. f. 

But the effect of normal space fundamental m. m. f. 
acting in one axis of the rotor is just two-thirds? of the 
effect of the maximum value of normal phase current. 
That is, if ĉo is the current flowing in a single-phase 
winding when the rotor is stationary and its axis in 
question is directly in line with the axis of magnetiza- 
tion of the excited armature phase, the effect of normal 


X =K,+ 


2 
space fundamental m. m. f. is E 000). 


Now consider any rotor circuit, for example, circuit h. 
Thelinkagesin this circuit, due toa current of normal peak 
value 4‹о in one armature phase in line with circuit h, are 


2 
=з Ni Do) X hm 


3 (1g) 


Thus the mutual inductance of circuit h and the arma- 
ture phase is 
2/3 N, Фо) X hm 
Se 2 
25 (2g) 
'The linkages in the armature phase due to a normal 
value of current ГТ, in circuit k are, from the definition 
of normal current in any rotor circuit, simply*4 


n Фоо) (3g) 

Thus the mutual inductance of the armature phase and 
circuit h is 

n фо 

Tio) (4g) 

But since (2g) must be equal to (4g) it follows that 


33. The effect of fundamental m. m. f. only is to be considered. 
34. Since only the sinusoidally distributed component of the 
armature winding is considered, harmonic linkages are neglected. 
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3 n U0) 
Xim = 2 Nt Г, (58) 
А (о 
or, Xam = Fio (6g) 
where, 


Avo) = 2.12 (effective armature times per pole per phase) 
X (normal r. m. s. armature current). 
Fo = no-load air-gap ampere-turns of any circuit .h 


In particular, 
Ato 
Fio 


8 


Xn = = per-unit mutual field reactance (7g) 


where, 
F(» = no-load air-gap ampere-turns of field. 

Using this relation, it is possible to reduce the calcu- 
lation of transient reactance to the following items: 

A. Determination of synchronous reactance, 

B. Determination of the “no-load field currents” 
of each rotor circuit, 7. e., determination of current 
necessary to give normal fundamental component of 
armature flux, and | 

C. Determination of self and mutual coefficients 
of the rotor circuits between themselves. 


Appendix H 


THE RELATIONS BETWEEN THREE-PHASE AND SINGLE- 
PHASE REACTANCES 


In accordance with the procedure discussed in Part 
II, the impedances of à machine will be regarded as 
the ratios of the sinusoidal components of voltage and 
current due to sinusoidal current in the windings. 
Since only sinusoidal currents of definite frequency, and 
only sinusoidal components of terminal voltage of 
corresponding frequency, are to be considered, it follows 
that it is legitimate to employ vector notation. | 

Thus, any current ? = ĉo sin (t + o) will be repre- 
sentable as a vector? = 7) /&, and the phase currents 
will be representáble as 

$a =i tiith 

ù = i \ 120 + 7, / 120 + 7, 

i = һ /120 + 7, (10 + i 
The phase voltages are similar. 

It may be readily verified that with a line-to-line 
connection between phases b and c, 


їзье / 90 
V3 
where f.e = line-to-line current of phases b and c, 


while with a line-to-neutral connection from phase a 
to neutral, 


(1h) 


1р = — 19 = 


(2h) 


Iu = = tea 
ti == 19 = 19 = 3 


(3h) 


where 7,, = current from phase а to neutral. 
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Under normal conditions of operation, however, it 
follows from the symmetry of every phase, that the 
fundamental components of the voltages due to any 
phase-sequence current distribution must be of the same 
phase-sequence as the current. Thus, subject to the 
condition of normal motion of the rotor, there is, 


ee, 


е = 2111 
ез = 21 (4h) 
Co = Zo 10 
but the line-to-line voltage of phases b and c is 
bse = €b = ec = 8 (ei gi ез) \90 
= (21 + Z2) 1s be = Re (P bc (5h) 


or line-to-line impedance = 2, = zi + 2: 
Similarly it follows that, subject to the conditions 
stated, line-to-neutral impedance is 
2, + 20 


Zi + 22 + 20 
2, = 3 = 3 (6h) 


However, these relations do not obtain without 
special interpretation unless the rotor is moving 
normally. In case of an “ideal machine" with the rotor 
stationary, the values of single-phase reactance are given, 
by the value of Ya — y, with la = — £y = 1, 4, = 0, and 
Pa With ta = 1,7, = 1, = 0, respectively, for a line-to- 
line or line-to-neutral connection. 

Thus, with all rotor circuits closed, the line-to- 
line static reactance is 


y 


ty = ta” + mà + 2—0. [eose 8) —2 cos (2 0 —120) 


+ cos (2 0 + 120) | 


(ха + ж”) + (x4" — x") eos (2 0 + 60) (7h) 
The value of x, when the axis of magnetization of the 
armature coincides with the direct axis of the rotor is 

Le = Х,а = 2 ta" (8h) 
When the axis of the armature winding coincides with 
the quadrature axis the value of z, is 

Nie quom AP (9h) 

The corresponding line-to-neutral reactances are, 

with all rotor circuits closed, 


Е Lo ха” JE т,” К £a! — La” 
"= 3 3 3 
When the axis of the armature winding is in line with 
the poles 


cos 2 0 (10h) 


2 " А 
ТРЕБЕ nt La - te (11h) 


and when the armature axis is in quadrature with the 


poles 


Хо + 2 Xo Xo + Leg 


Xe тт Log = 8 ex 8 | (12h) 


These relations are useful in determining the values 
of £o, £a”, and z,". Thus 
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To = 87а— Lea 82, ,— Lee (13h) 
Le 

ха" = 7] (14h) 
Ls 

2," = J (15h) 


as mentioned in Part I. 

The values of per-unit single-phase reactances which 
obtain with no closed rotor circuits may also be identi- 
fied as the per-unit single-phase armature inductances. 
Thus, in treating the subject of short-circuit currents, 
Messrs. & Doherty and Nickle employ the relations, 


Tso + Tsg  Xsp— X 


line-to-line inductance = SQ cos (2 0”) 


2 2 
line-to-neutral inductance 
Хур + Xzq Хур — Xzq 
оз EE + — 9 соз (2 0) 
where, 0’ = 0 + 30 


The idea of transient inductance has also been 
introduced. For example, the transient line-to-line 
inductance is, 


ta + во” зр’ — ва’ 
эрле 08 cos (2 6" 

In case machines with auxiliary rotor circuits were 
to be considered, the conception of the subtransient 


inductance and the use of the double primed notation 
would also be in order. Thus, for the transient 


reactances, 
Хзр’' = 2 215 Tsg = 2 acd 
, Zot 2x4' : 294-2 x,’ 
tsp = 3 , Ig = 3 


and for the sub-transient reactances, 
Xsp' = 22,4", etc. 


Appendix I 
NOTATION EMPLOYED 


The problem of devising a simple scheme of notation | 


which will be in accord as much as possible with existing 
nomenclature has not been easy. The difficulty is due 
to the many terms which pertain to synchronous ma- 
chines. 

The notation of the paper follows the somewhat 
generally established principle that all armature quan- 
tities are denoted by small letters or symbols, and all 
field terms by large letters or symbols. The subscripts 
d and q refer to the dzrect and quadrature axes of magneti- 
zation. The corresponding single-phase line-to-line 
and line-to-neutral quantities are recognized by the 
subscripts s and о, respectively. Positive phase- 
sequence terms may be indicated by the subscript 1, but 
are usually given no special notation. Negative and 
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zero phase-sequence terms are specified by the sub- 
scripts 2 and 0, respectively, following the notation 
introduced by Mr. С. L. Fortescue.** All transient 
quantities are signified by primes. 

These compose, in the main, the group of indexes 
required, but various modifications and special designa- 
tions were necessary. The notation is not peculiar to 
this paper but is largely the same as the system used by 
Doherty and Nickle in their recent treatments of syn- 
chronous machines. Although it is not urged that 
this notation be standardized, since the primary 
purpose has been to fill the requirements of the present 
article, the system may be helpful to others. 


A. MAJOR QUANTITIES TO BE IDENTIFIED 


Circuits 
Armature Rotor 

Voltage.............. e E 
Linkages............. Y Y 
Current.............. i I 
М.т.?.............. А F 
Reaetanee........... x X 
Resistanee........... T R 
Time-constant........ Т Т 
Flux density......... 8 
Time 

(Electrical radians). . t t 


Electrical space angle along armature surface 
with respect to phase “a “а” "Y 
Electrical degrees in dmn of normal rotation 
between axis of poles and magnetie axis of 
phase “а” 0 
B. USE OF SMALL SUBSCRIPTS IN NOTATION 


a. Direct and quadrature quantities. 
direct d 
quadrature q 
T hese apply to: 
positive phase-sequence armature quantities 
rotor quantities 
single-phase static quantities 
b. Distribution. 
1. Armature quantities. 
positive phase-sequence 1, or no subscript 
negative phase-sequence 2 
zero phase-sequence 0 
single-phase line-to-line 8 
single-phase line-to-neutral с 
separate phases а, б, с 
2. Rotor quantities. 
direct d 
quadrature q 
Where there are several circuits in any axis they are 
to be distinguished from each other by numeral sub- 
scipts, as Xog, except that the symbol, f, may be 
retained for the field winding proper. If no subscript 
is employed reference to the main field winding is 
implied. 
36. Reference (11). 
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c. Use of zero as subscript. 

Except in connection with time-constants, 0 will 
indicate zero phase-sequence quantities, and (0) will 
imply normal, or per-unit quantities. 

Т» = field time-constant with all armature phases open. 
то = armature time-constant with all rotor circuits 
open. 


C. PRIME QUANTITIES 


a. With reference to armature reactances: 
sustained—no special indication. 
transient—one prime, 2. €., x’. 
sub-transient—two primes, 7. е., x". 

b. With reference to time-constants: 
field time-constant with all armature phases 
shorted—7',' 
armature time-constants with all rotor circuits 
closed—7,' 

D. ALL SUBSCRIPTS CAPITALIZED 
In the present scheme of notation, this form is 
reserved for the particular single-phase static reactances 
used by Doherty and Nickle in their paper Synchronous 
Machines IV, and discussed here in Appendix B. 
These are: 


total static reactance ' Xp 
static reactance due to space fundamental ap 
static leakage reactance Lip 
static transient reactance Lp’ 
static transient fundamental reactance Lap’ 


As these reactances are single-phase they are also 
characterized by S and Z to indicate whether they are 
line-to-line or line-to-neutral, thus 


зр, OF Хур. 
Corresponding quadrature values are designated 
similarly by the subscript Q instead of D. 


E. MISCELLANEOUS TERMS 


It is necessary to include a number of special terms 
which have not been discussed above. The notation 
used for these quantities is more or less arbitrary, but 
an attempt has been made to employ accepted symbols 
as much as possible. 

h =a subscript denoting any rotor circuit. In 
conjunction with d or q it signifies that that 
circuit is in the direct or quadrature axis. 

К, = a per-unit quantity expressing the ratio of the 
total flux to the space fundamental com- . 
ponent of flux entering the armature along 
one pole pitch. 

l = used as a subscript to denote leakage айап 
or used alone to denote length of armature 
stacking. 

L" = effective leakage lines per unit length of stack- 
ing, linking the entire field winding when the 
field m. m. f. is one ampere-turn. 


37. First employed by Doherty and Shirley in their paper 


Reactance, reference 10. 
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a subscript denoting mutual reactance between 
armature and any field winding. 

a subscript, similar to h, denoting any field 
circuit, or used alone to denote effective 
armature turns per pole per phase. 

turns per pole of the main field winding.* 

a coefficient. employed to denote increment 
change in any. quantity. 

In Appendix E it has been found necessary to devise 
special notations for certain quantities in order that they 
fit the construction of the equivalent circuits. These 
notations employ parentheses and brackets. Their 
use may be made clear by reference to that appendix. 


mMm 


n 


N 
A 


PRINCIPAL DERIVED UNIT QUANTITIES 


F. The principal derived unit quantities are 
Wo) = normal armature flux-linkages 


e(o) 
2af 
normal armature flux 


Pio) 
n 


108 


$t 


normal flux-linkages of the main field winding 

= N P(0) 

per-unit field voltage produced by the variation 
at normal frequency of normal flux-linkages 
in the main field 

= 2 т f Yo 10-8 ; 
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PER-UNIT REPRESENTATION OF QUANTITIES 


Messrs. Doherty and Nickle, in their recent series of 
papers on Synchronous Machines, have employed the 
practise of representing quantities as a decimal fraction 
of some normal or base value. This method shares 
with the percentage method of representation, the 
marked advantage that it eliminates the necessity of 
employing unwieldy conversion factors in purely 
analytical work. At the same time, it is definitely 
superior to the percentage system in that it is unneces- 
sary to continually consider the factor “опе hundred." 
In the percentage system this factor must be specially 
inserted or divided out whenever the operations of 
division or multiplication are performed. Therefore, 
. on account of the convenience of the decimal fraction 
system it will be used hereafter in the paper. 

Thus, in the paper, each quantity will have a normal 
value, and the value of the quantity at any time will be 
expressed as a decimal fraction of its normal value. 
For example, normal armature linkages are defined as 
the linkages which generate normal voltage when varied 
at normal frequency. Thus, y = 0.45 means that 
the armature linkages at the instant of consideration 
are 45 per cent of this normal value. 


Y (9) 


Eco) 


38. Effective turns in the ease of turbo alternators and in- 
duction motors. 


PARK AND ROBERTSON: SYNCHRONOUS MACHINES 


535 


Originally, the method of representation used was 
referred to as “percentage representation of quantities, 
as a decimal,” but this name was to some extent a source 
of confusion in view of the accepted meaning attached 
to the word “percentage.” Recently the term “per- 
unit representation of quantities” has been suggested 
as a designation for the decimal percentage system. 
As this name appears to solve the difficulties previously 
encountered, it has been used throughout the paper. 
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Discussion 


A. E. Kennelly: At the present time, according to the 
information which has been presented to us, there are possibly 
thirty-one varieties of reactance in electrical machinery. 

It seems important that these useful concepts referred to in 
these papers as 'reactance," “leakage reactance,” “differential 
leakage reactance,” and so on, should be clearly set forth and 
tabulated, because evidently, in the future, when a speaker uses 
the word “‘reactance,”’ his audience will want to say, ‘“Which?”’ 
It is increasingly important that this matter be thoroughly 
classified. 

The concept which has been presented to us of the per-unit 
value seems to me of great importance. Percentage, of course, 
is an expression that we are constantly employing and is very 
useful, but in computations, percentage is not so convenient, 
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not so simple as per-unitage, and there is no reason why the 
unit should not have at least as much recognition as the centum, 
so I hope that method of expression will continue to find favor. 

H. H. Spencer: The papers treat generally of single-phase 
short circuits and their resulting phenomena, but the trouble 
which we run into in operating practise is not solely confined to 
single-phase disturbances. I should like to ask the writers if it is 
possible simply to superpose the conditions of subsequent short 
circuits upon the initial equations to determine what may 
happen later and if so, how the constants here presented must 
be shaded, and how constants for the three-phase fault can be 
found. 

S. L. Henderson: Under the subject of Zero Phase-Sequence 
Reactance, the statement is made that there is no armature- 
reaction m. m. f. due to zero phase-sequence currents. This is 
true for the fundamental current. However, for a third-har- 
monic current, the currents in the three phases are in time phase, 
and there is an m. m. f. of three times the number of pairs of 
poles on the rotor. The effect of this third harmonie m. m. f. 
can be seen on a delta-connected machine, without 2/3 pitch. 
The temperature of the field and the losses on short circuit are 
higher with the machine connected in delta than when connected 
in star. 


I understand, therefore, by the statement in the paper, that 
there may be an m. m. f., but that there will be no reaction of this 
m.m.f. on the exciting circuit. Is this because this m. m. f. 
cancels out in a pair of poles? 


R. H. Park: Mr. Spencer has inquired how the condition of a 
three-phase fault occurring shortly after a single-phase fault is to 
be ealeulated. A fault of this type may be calculated by deter- 
mining from the solution for the single-phase short circuit the 
values of field and armature flux linkages at the instant when 
the three-phase fault occurs, and then adjusting the a-c. and 
d-e. components of the three-phase fault to correspond with these 
calculated initial conditions. Thus, neglecting saturation and 
extra rotor circuits, the initial value of the a-c. component of the 
three-phase short-circuit current will be the same as though the 
three-phase short circuit had occurred at a voltage equal to 
the product of the voltage before the single-phase short circuit 
by the decrement of the a-c. component of the single-phase 
short-circuit current, at the instant at which the three-phase 
short circuit occurs. | 


Thus, if the three-phase short circuit begins at time (to) after 
the occurrence of the single-phase short circuit the symmetrical 
component of three-phase short-circuit current will be, 


1 e flo 1 \ ic 
ICI] 
La ха La 
If there are several rotor circuits or if it is desired to determine 
the 4-с. component the answer is not as easy. The general 
method which may be employed is to calculate the effect of 
impressing, on the open phases of the machine, a voltage equal 
and opposite to that which would have existed under the condi- 
tion of single-phase short circuit if the three-phase short circuit 
had not occurred. If the currents which are found in this way 
are added to those found from the single-phase short-circuit 
ealeulation the sum will be that for the three-phase short circuit. 
Mr. Henderson’s difficulty in regard to our statement that 


~=e 
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"there is no armature reaction due to zero-phase-sequence 
currents” arises from the special interpretation of this term which 
we have introduced. According to the concept advanced in the 
paper we would regard as armature reaction only those magneto- 
motive forces which are stationary with respect to the rotor. 
The advantage claimed in this view is, that it clearly delineates 
between those magnetomotive forces which can freely penetrate 
the rotor, and which do not induce eddy currents in it, and those 
magnetomotive forces which move relative to the rotor and are 
thus subject to the demagnetizing action of the currents which 
they induce. These latter magnetomotive forces are regarded 
as producing leakage flux. 

As stated in the paper the exact line of demarcation between 
armature reaction and armature reactance must necessarily 
be drawn arbitrarily. It is hoped, however, that the distinction 
made will prove to be a useful one. 

As to the possibility of the reaction of the third-harmonic 
m. m. f. due to zero-phase-sequence current on the exciting cir- 
cuit. it is of course understood that m. m. f’s need not be con- 
sidered as directly reacting on each other, but that we are entitled 
to find the effect of two m. m. f.’s by adding the effects that would 
be due to each acting separately. Now in general the 4-е. 
current in the field will produce an armature voltage of funda- 
mental and all harmonic frequencies. A third-harmonic zero- 
phase-sequence current will develop armature m. m. f. of third 
and multiples of third harmonic frequency in space, varying in 
time at three times normal frequency. To the extent that the 
reluctance of the air gap is not uniform these m. m. f.’s can give 
rise to fluxes of frequency in space different from their own, and 
it is to just this extent that they can give rise to other than third- 
harmonic armature voltage. Since the third-harmonic m. m. f. 
in question is pulsating at three times normal frequency, half of 
it may be regarded as moving forward at synchronous speed, 
thus stationary with respect to the poles. In the case of a 
salient-pole machine this third-harmonic m. m. f., stationary 
over the poles, can give rise to a fundamental component of flux, 
also stationary over the poles, and thus generating voltage of 
normal frequency in the armature. Ordinarily, however, this 
effect is very small. Were it present in a delta-connected ma- 
chine, not of ?/3 pitch, a slight change (increase or decrease) in 
the fundamental component of voltage would be expected when 
the delta is opened or closed. , 

The fact that the third-harmonic circulating current of a delta- 
connected machine, not of 7/3 pitch ean cause very appreciable 
losses makes it desirable that a means of calculating these cur- 
rents be available. If the third-harmonic voltage of the open . 
delta is first calculated, the current that will result when the 
delta is closed can be found by dividing this voltage by three times 
the third-harmonic zero-phase-sequence reactance, which in turn 
will, in general, be slightly more than three times the correspond- 
ing fundamental zero-phase-sequence reactance. The reason 
that the third-harmonic zero-phase-sequence reactance is slightly 
greater than three times the corresponding fundamental value 
is that, as mentioned above, in the ease of third-harmonic current, 
half of the space third-harmonic m. m. f. is stationary with 
respect to the poles, and thus is not subject to the demagnetizing 
action of the rotor. Usually this effect is not very great. It can, 
however, be corrected for by modifying the value of (Ko) in Mr. 
Alger’s formula for zero-phase-sequence reactance. 


The Thermal 


BY G. W. PENNEY: 


Associate, A. I. E. E. 


Synopsis.—The thermal volume meter was originally brought 
out by Professor Thomas, and is frequently called a Thomas meter. 
The principle is that the temperature of the gas is raised by means of 
an electrical heater, the change in temperature being accurately 
measured either by means of resistance thermometers connected in a 
wheatstone bridge network, or by means of a thermopile. It is 
. believed that the thermocouple method is preferable to resistance 
thermometers, and most of the paper deals with that construction. 

The usual construction has walls of wood or micarta, which 
serve as an insulating support for the heater coils and thermocouples. 
The general proportions of the volume meter as to section and length 
are dealt with, the former being determined mainly by the mean 
velocity of the air, and the latter by the distance needed to give the gas 
an opportunity to mix after passing the heater. A sufficient 
number of thermocouples is required to give a good reading of the 
potentiometer with a comparatively low temperature rise of the gas 
and also to obtain a good average of the gas temperature. The 
details of construction are described. The equations that are 
suitable for calculating the volumes of the gas are then given. 

Then follows considerable discussion on the possible sources of 
error in the meter, the principal ones being 


INTRODUCTION 


HERE are many ways of measuring the volume of 
flow of gases, each having advantages and dis- 
advantages. The most important of these 

methods are given in Appendix I, together with reasons 
why they are not generally well adapted for the mea- 
surement of air volumes passing through electrical 
machinery. With most of the more accurate methods 
the principal objection is that the pressure drop is so 
great as to reduce the volume considerably (е. g., 
the orifice method). In the thermal volume meter, 
this objection is met by using a short duct in which the 
velocities are only moderate and the obstructions 
very small, so that the resistance to flow is very slight. 


The thermal volume meter was first brought out by 
Prof. Carl Thomas, and is frequently called a Thomas 
meter. 


The principle of operation of the instrument is that 
the temperature of the gas is raised, the temperature 
increase and amount of heat required to produce that 
change in temperature being accurately measured. As 
the specific heat at constant pressure has been ac- 
curately determined, the mass of the gas flowing per 
unit of time can readily be calculated. As most engi- 
neers are more interested in the volume than in the 
mass, the change to volume can easily be made if one 
has a knowledge of the absolute pressure and tempera- 
ture. In practise, the gas is heated electrically. The 
temperature increase is measured by one of two 


1. Both of the Westinghouse Electric & Mfg. Co., East Pitts- 
burgh, Pa. 
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The non-uniform heating of the gas. 

Non-uniform distribution of velocities. 

Heat escapement. 
Methods are suggested for determining the magnitude of these 
various conditions experimentally or by calculation. There are 
several minor sources of error, such as: 

Time lag of meter. 

Unsteady source of e. m. f. 

Instrument errors. 

Heat flow along thermocouple wires. 

Loss of pressure in passing through the meter. 

Variation of specific heat and humidity. 
Most of these are shown to be of negligible effect. 

Some notes on design which include means of calculating the 
proportions of the heater are given. | 
In Appendix I the advantages and disadvantages of the various 

methods of measuring gas volumes ате included. In Appendiz II will 
be found some notes on comparison of resistance thermometers and | 
thermocouples for temperature measurement. In Appendix III 
consideration is given to the electrical machine as a thermal volume 
meter. 


methods: (1) by means of resistance thermometers 
placed before and after the heater, they being used as 
two arms of a wheatstone bridge; and (2) by means of 
thermocouples connected in series (frequently called a 
thermopile). A comparison of these two methods of 
temperature rise measurements 15 given subsequently. 
It is believed that the latter method using thermo- 
couples is preferable, and the following description 
pertains to that type. 

In this paper are given the experiences of the writers 
and their co-workers at the Westinghouse Elec. & Mfg. 
Company; there is very little in the technical literature 
on the subject with which to make comparison. 

Some of the data in this paper have appeared else- 
where, but as they were scattered, it was thought best 
to combine them with those which have not been 
previously published. 


CONSTRUCTION OF THE THERMAL VOLUME METER 


As electrical conductors are used for the heater and 
for the thermocouples, it simplifies the construction to 
use for the walls material that is an electrical insulator. 
That has an additional advantage, as an electrical 
insulator is usually a poor heat conductor, and to 
secure accuracy it is essential that escape of heat 
from the outside be avoided. In all but the smallest 
sizes, pine or maple wood has been used; and for the 
smaller sizes, such as is shown in Fig. 1, micarta plate 
was the material adopted. The walls are then 
thermally "insulated" with cork board. In the larger 
sizes with wooden walls about 1 in. thick, and with 
internal temperatures of the air not over 5 deg. cent. 
above atmospheric temperature, it was found that the 
heat loss from the outside was negligible, even though 
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there was no heat insulating material added to the 
exterior. This heat loss can be calculated close enough 
to determine whether or not insulating material should 
be added, and how much. 

In Fig. 1 is shown a small meter with one side removed 
for inspection. The inside dimensions аге 314 by 8% 
by 18 in. It is suited for handling from about 60 to 
300 cu. ft. per min. This meter had micarta walls, 
fastened together with machine screws. In Fig. 2 is 
shown a medium size volume meter in which the sides 
are made of planed pine lumber about one in. thick.? 

It has been found desirable to wind the heater 
element on a mandrel with the wires close together, and 
then stretch them like a spiral spring. These are 
arranged in a number of coils of equal numbers of turns, 
and are supported by means of screw-eyes in the walls. 
This scheme of construction for the heater coils is 
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Fia. 1—А SMALL VoLUME Meter WiTrH ONE біре REMOVED 


FOR INSPECTION 


shown in Fig. 1. It is desirable to keep the axes of the 
spirals vertical; otherwise, with the axes horizontal, 
when the coils heat the wires may sag and there is then 
the possibility of part of a coil short circuiting on 
another coil. In the larger volume meters it is desirable 
to support the heater coils say half way, or one-third 
and two-thirds the way up, for which glass rods have 
been found to be suitable. In Fig. 1 four rows of 
heater coils were used; in all but the very small meters, 
two rows of heaters are sufficient, and these are then 
staggered with respect to each other. 

The distance between the heater coils and the thermo- 
couple junctions is largely a matter of how far the gas 
must flow to mix fairly well; it has been the practise 
of the writers to make that distance at least as great 
as the mean of the two cross-sectional dimensions for 
the large meters, and about two to three times as great 


2. “ee paper by Laffoon and Calvert: Additional Pons of Syn- 
chronous Machines, Trans. A. I. E. E., Vol. XLVI, 1927, p. 84. 
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for the smaller meters. It would be of interest to learn 
from others what their practise has been. 

It is desirable to use small serew-eyes in order that 
the heater wires may be close to the walls, thereby 
securing as uniform distribution of heat as possible 
throughout the cross-sectional area. | 

'The number of thermocouples used has never been 
less than 16, and usually the number is more. With 
a large number of thermocouples a good average of the 
temperature increase of the air is obtained and a 
fairly high reading of the potentiometer is secured. 
Thus, with 40 microvolts per degree per couple, and 
with 25 couples, a reading of 2 millivolts is obtained 
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Fic. 2—Cnoss-CSgcri10N SHOWING LocaTION OF THERMO» 


COUPLE JUNCTIONS 
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Fic. 3—WiRING DIAGRAM OF A VOLUME METER 

with only 2 deg. cent., increase in air temperature. In 
arranging the locations of the thermocouple junctions, 
the rectangular area is broken into as many equal 
squares as there are thermocouples, and a junction is 
placed in each square. The scheme of arrangement 
for 25 thermocouples all in one plane, in a square duct, 
is indicated in Fig.2. In the small volume meter shown 
in Fig. 1, for simplicity of construction, each set of 
thermocouple junctions is arranged in four planes. 
It is well to select the wires of such size that, with the 
arrangement adopted, the flow of heat along the wire 
to wall will not be sufficient to alter appreciably the 
temperature of the junction. The thermocouple wires 
within the meter are all bare. The scheme of connec- 
tions is shown in Fig. 3, where for simplicity two thermo- 
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couples are shown. The junctions are usually made by 
slightly overlapping the wires, and silver soldering; 
or, in the larger meters, they may be made by twisting 
the wires and soft soldering. It is interesting to note 
that all wires on one side of the meter are of one kind 
of metal, say constantan, and opposite another kind 
such as copper. Thus, only copper wires are brought to 
the potentiometer. It has been found simplest, in 
making the required number of junctions, to bring out 
the leads through suitably drilled holes in the walls of 
the meter and make the connections on the outside. 
These may be simply twisted, preferably soldered. 

It is important that the thermocouples placed in the 
cool stream be at the same distance from the heater as 
those in the warmed gas. Otherwise, heat radiation 
will play its part unequally, thereby introducing a large 
error, even when the heater coils are at a comparatively 
low temperature. 

In dry weather, static electricity has been known to 
affect the reading of the potentiometer, and it is well, 
therefore, to ground one of the thermopile leads. 


EQUATIONS FOR COMPUTING VOLUMES 
It may readily be shown that 


0.03155 W 
0 = Te 7 (1) 
HereQ = cu. ft. per min. of the gas. 
ү. = density in lb. per cu. ft. 
C, = specific heat at constant pressure. 
W = watts absorbed by the gas. 
0 = temperature rise of the gas. 


For dry air, the density at 25 deg. cent. and 29.92 
in. of mercury may be taken as 0.074, and the specific 
heat as 0.2418. Then for such conditions, 


— E 


For any other than standard conditions, the law of a 
perfect gas may be used, so that then 


278 t ү 29.92 W 
Q = 1.765 ( zs us P 86 
-o.17 ( “5 j ® 


Here ¢ is the temperature of the air, deg. cent., and P 
is the total pressure in in. of mercury.’ The influence 
of humidity is so small that it may well be neglected. 
The order of error is discussed under ''Sources of Error." 

In the volume meter, there are n thermocouples 


3. It will readily be seen that the volume per unit time changes 
with the density as the gas passes through theapparatus. The par- 
ticular value of t and P to be used in equation (3) are those corre- 
sponding to the location where the value of volume is desired: 
this might be ahead of, behind, or within the meter. In most 
cases, the differences in density at various locations are so small 
as to be negligible. 
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for each of which there are E microvolts per deg., the 


reading on the potentiometer being e millivolts. Then 
e 
0 — 1000 nE (4) 
which substituted in equation (3) gives: 
OQ. REW / 218 +t ) " n. for ai 
1000 e ( P cu. ft. per min. for air 
(5) 
0.038155 n E W | 
rQ = —— ——Z— си. ft. per min. for any gas (6) 
y Cre 
Q = cu.ft. per min. 
Е. = microvolts per deg. from calibration curve. 
W = watts input to heater (absorbed by the gas). 
ү = density of gas in lb. per cu. ft. 
C, = specific heat of gas at constant pressure (about 
0.2415 for air). 
e = millivolts as read on potentiometer. 
t = gas temperature in volume meter, deg. cent. 
P = absolute pressure in in. of mercury. 


The calibration curve of the thermocouples is nearly, 
but not quite, a straight line. In general, its equation 
may be written as: 

У = аі +в? + сё (7) 
where V is the millivoltage, t the temperature, and а, b, 
and c constants. | 

For most cases the third term may be dropped. The 
microvolts per deg., E, will then be: 


E = 10 АА 
= dt 

Equation (8) is that of a straight line which may be 
plotted; or a chart may be used combining the constant 
and the terms (278 + t) and P from equation (5) 
with Е. 

It is important to secure an accurate calibration 
curve, and if there are not facilities available, a sample 
of the wire may be sent to any of the well-recognized 
laboratories, such as the Bureau of Standards, where a 
very accurate calibration ean be obtained. One of the 
manufacturers of constantan wire has a standard cali- 
bration, and it keeps its products so close to that 
curve that it is usually sufficiently accurate to accept 
its data without further checking. 


POSSIBLE SOURCES OF ERROR 


The principal sources of error are non-uniform heating 
of the gas; non-uniform distribution of the gas; and 
heat escapement. 

Non-uniform Heating of the Gas has been previously 
mentioned. To discuss this, it is assumed that the 
velocities are uniform throughout the section. It is 


= 1000 (a + 22) (8) 


- manifestly impossible to secure uniform distribution of 


loss in the heater coils, for to secure that would mean 
that the heater covered the entire section. By making 
the volume meter fairly long the gas has more of a 
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chance to mix after it has passed the heater. It is 
believed that the heater coils tend to produce some 
turbulence in the gas stream, which assists in mixing 
the gas. Then by employing a large number of thermo- 
couples the error becomes practically negligible. In 
- some of the tests the e.m.f. per thermocouple was 
measured, which was easily done by removing the 


insulation from the joints of the series connections . 


on one side of the meter, using a sensitive potentiometer 
and galvanometer for balancing. It was usually found 
that there was considerable variation in e. m. f. per 
couple, but with a large number of couples, the average 
of the readings was so close to the true average that 
the error was very small. For example, the volume 
meter with 20 thermocouples, shown in Fig. 1, was 
checked against a converging nozzle, designed in 
accordance with data in the paper by Dr. S. A. Moss.’ 
In three sets of readings, in which the air was heated 
3 deg. to 6.8 deg., the difference between the nozzle 
and volume meter readings were + 0.4, — 0.8, and 
— 1.5 per cent, the plus sign meaning that the volume 
meter read high. Yet readings of individual thermo- 
couples varied from 0.40 to 1.05 millivolts, with an 
average of 0.827 millivolts, thus showing 51.5 per cent 
below, and 27 per cent above, the mean. In this case 
the velocity distribution was very good, the error due 
thereto being probably less than 0.3 per cent. 


Non-Un‘form Distribution of the Gas. In the above, 
where non-uniform heating was considered, it was as- 
sumed that the velocities were uniform throughout the 
meter. In general, that condition cannot beobtained but 
can be approached close enough to reduce the error, due 
thereto, to negligible magnitude. The effect of non- 
uniform velocities is different from non-uniform heating. 
Thus assuming uniform heat distribution, the tem- 
perature increase of the gas as it passes through 
the heater coil is nearly inversely as the velocity. 
On the other hand, if the velocities are uniform, 
the temperature increase is directly proportional to 
the heat per unit of area. It is because of the reciprocal 
relation with velocities that great departures from 
uniformity should be corrected. In a number of the 
earlier tests it was found that the air in some small areas 
actually moved in the reverse directions to the main 
air streams. Then the cool and warm thermocouple 
junctions were reversed, and a very large error was 
introduced. It is not essential that the velocities be 
uniform, but the departures should not cause the errors 
in measurement to be more than about one per cent. 
Then there may be considerably greater irregularities 
than for, say, pitot tube measurements. 

If the sectional area of the duct be broken into a 
number of small but equal areas, through any one of 
which the velocity be considered as uniform and be 


assumed to obtain throughout the length of the volume ` 


meter, then the ratio of the volume that would be 


4. "The Impaet Tube," American Society of Mech. Eng. 1916. 


PENNEY AND FECHHEIMER: THERMAL VOLUME METER 


Transactions A. I. E. E. 


measured were the velocities uniform to the volume 


that is measured given by: 


EE. v) 


R= (9) 


Here V is the velocity in yn small section, and n 
is their number, that is, multiply the volume as mea- 
sured by Ё to obtain the correct volume. 

To determine the velocity distribution an impact tube 
has been used. In some cases the air discharges from 
the meter directly to the atmosphere so that the impact 
tube can be used conveniently; although in some cases 
the duct just beyond the meter must be removed. A 
suitable impact tube may then be used without con- 
sidering the differential pressure, as the surrounding 
pressure is atmospheric, the same as on the open side 
of the manometer. "The section may conveniently be 
divided into a suitable number of equal squares by 
means of small wires drawn taut, and the impact tube 
placed in turn at the approximate center of each square. 
A suitable, rigid support should be provided far enough 
back from the issuing stream so as not to interfere with 
streams before they issue. 


In some cases the duct system beyond the volume 
meter cannot readily be removed, and then slots can be 
cut in the duct preferably before and after the meter. 
As used by the authors, the explorations were made in 
horizontal and vertical directions, (with the flow hori- 
zontal), but only along the center lines. The static 
pressure was usually fairly high, and the differential 
pressure was then read using an ordinary pilot tube 
which was passed through the slot. It was necessary 
to hold the tube rigidly, suitable clamping being pro- 
vided and tightened for every setting of the tube. 


While uniformity of velocities is not essential it has 
been our practise to make the velocities sufficiently 
alike to reduce the error to about one per cent, or less, 
as given by equation (9). When the air is to be taken 
directly into the volume meter from the atmosphere, 
the vena contacta arising from sharp entrance condi- 
tions should be avoided and a suitably curved, con- 
verging intake should be provided such as is shown in 
Fig. 4. It is often convenient to provide a curved, 
converging intake when the volume meter is made 
part of a duct system. This scheme was shown in 
Figs. 3 and 6 in a previous paper. There are times 
when there is liklihood of having poor distribution 
of velocities, and when a converging duct cannot con- 
veniently be used. Then, suitable “air straighteners” 
in a duct ahead of the volume meter have been employed. 
These consist of about three vertical and three horizon- 
tal planes of sheet metal (assuming the air flow to be 


5. *The derivation of this equation is given in the Appendix of 
paper, ‘‘Performance of Centrifugal Fans for Electrical Machin- 
ery,’ A. S. M. E., 1924. 

6. Ventilation of Turbo Alternators; Concluding Study, A.I. E. E. 
Trans., Vol. 45, pp. 255, 256. 
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horizontal). These planes are hinged at one end and 
the other end can be moved externally by means of 
suitable rods, or the like, which can be clamped in any 
position.? Adjustments are made until the distribution 
is satisfactory. 

It should be especially noted that an obstruction 
within or just ahead of the meter, or a sudden bend, ete., 
which may tend to produce poor velocity distribution, 
should be avoided. On the other hand, if there is a 
fairly long, straight duct ahead of the volume meter 
the velocity distribution will probably be sufficiently 
satisfactory. Generally, the distribution just after 
the air leaves the volute around a centrifugal fan is not 
of enough uniformity. 

Heat Escapement. To secure accurate measurements 


all of the heat generated in the heating coils must be 


absorbed by the gas passing through the meter, and the 
heat loss from the walls must be of no consequence. 


A 
J 


Fic. 4—MeEprum S1zEpD VOLUME METER 


In the earlier calculations tests in which moderate 
size volume meters with wooden walls were used, and 
the difference between the internal and external tem- 
peratures were generally less than 4 deg. cent., the 
losses of heat from the outside surface, were negligible. 
` But in later tests, when small volumes were to. be 
measured with perimeters that were large in relation 
to the cross-sectional areas and with their walls of 
higher thermal-conducting material, the heat loss was 


sufficient to introduce an appreciable error. The air 


entered the meter not far from the discharge of a 
centrifugal fan, which was operated at low volumes, 
high pressures, and inefficiently. The temperature of 
the air entering the volume meter was consequently 
serveral deg. cent above the temperature of the sur- 
rounding atmosphere. By adding several layers of 


` 7. This scheme is shown in Fig. 1 in paper, ‘Performance of 
Centrifugal Fans for Electrical Machinery, A. S. M. E., 1924. 
See also text following “The Test Rig.” 
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согкроага to the outside, the heat loss was made 
practically negligible. Another way of remedying the 
difficulty is to surround the meter with a jacket of air 
at about the same temperature as the air inside, 
which in this particular case could have been done by 
letting a little of the air, as discharged from the fan, 
go through the jacket and then escape to the 
atmosphere. If the meter is measuring the air dis- 
charged from an electrical machine, the air entering 
the meter may be considerably warmer than the sur- 
rounding air, which in some cases may give a corre- 
spondingly large heat dissipation in passing through the 
meter. A test for this error is to pass the initially 
heated air through the volume meter with no current in 
the heater coils and measure the decrease in temperature | 
using the thermocouples and potentiometer. If a 
temperature change can be detected there is an error 
due to heat dissipation. 

It is believed to be desirable to maintain fairly low 
temperatures of the heater, the design being such that 
it is of the order of 50 deg. cent. above the air. With 
high heater temperatures, there will be appreciable 
transfer of heat by radiation to the walls, and thence 
by conduction through the walls to the outside air. 
Such loss of heat, which cannot be recorded by the 
temperature-measuring device may introduce a con- 
siderable error. 

_ Although the heater temperature is only about 50 deg. 
cent. above the air, the watts per sq. in. of wire surface 
are generally considerably higher than for, say, insu- 
lated conductors in an air stream, or bare conductors in 
still air. The reasons are that the wires are of small 
diameter; are bare; and are right in the air stream. In - 
one instance the mistake of bringing one of the heater 
wires as a lead through the wooden wall, was made and 
the wood was burned by the high temperature that the 
wire attained. There was a small error introduced 
because some of the heat generated in the wire buried in 
the wood was not taken up by the air passing through 
the volume meter. It has been found ‘satisfactory to 
place a short loop of the wire under a small brass bolt 
head or washer, the bolt being used as a terminal. 
There may then still be a small error due to very small 
heat escapement through the bolt, but that is generally 
negligible. О 

MINOR SOURCES OF ERROR 

Time Lag of Meter. Asin any thermal device, time is 
required to reach a steady state of temperature. That 
ti | tant? i ticall . Tate of storage heat — 

bci LED Er us У rate of dissipation of heat’ 


Unlike many other thermal devices, the time constant 
seems to be greater the smaller the meter. In the 
larger thermal volume meters, the potentiometer con- 
nected to the thermocouples may be read in consider- 


8. This refers to the time constant in the usual exponential 
equation. 
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ably less than a minute after the current value is fixed. 
In some cases, it seemed unnecessary to wait at all 
after the value of heater current was fixed. But in 
some tests made with a small volume meter (114 in. 
square in section) it was sometimes necessary to wait 
more than ten min. until the potentiometer reached a 
steady value. Fig 5 shows time-temperature curves for 
a small volume meter. The temperature as indicated by 
the thermocouples is plotted as a function of the time in 
minutes after closing the heater switch. This 18 done 
for a normal rate of air flow through the meter, and 
also for a low rate of flow, and shows that the sluggish- 
ness increases as the volume decreass. The percentage 
of error as derived from the temperature curves is also 
plotted against the time. The sensitivity of the meter 
was indicated by a sharp break in a cooling curve when 
a door leading out of the building was opened in cool 
weather. These latter data are not given in this paper. 

Unsteady Source of E. m. f. From the above it will be 
seen that it is important to have a steady source of 
e. m. f. for the heater, particularly when there is liable 
to be a considerable time lag. Often, to simplify tests, 
the heater is connected through a rheostat to a fluc- 
tuating shop circuit, and then it is found nearly impos- 
sible to duplicate one's readings. 

Instruments. If suitably checked, and direct current 
is used, ordinary indicating ammeters and voltmeters 
are suitable for measuring the power input to the heater. 
If the heater material be of negligible temperature coeffi- 
cient, dividing the volts by the amperes should give a 
constant, an additional check on the readings. If 
alternating current is used, an accurate watt-meter 
may be employed, or usual ammeter and voltmeter if 
it is found that the circuit is non-inductive. Very 
sensitive potentiometers are obtainable for measuring 
the thermocouple e. m. f. However, most of the galva- 
nometers used for balancing are not sufficiently sensi- 
tive. Recently a small portable reflecting galva- 
nometer has been used, and the sensitivity has been 
much improved. 

The Thermocouples. As previously pointed out, the 
walls, plus heat insulation, if used, should limit the flow 
of heat through them to a negligible quantity. This 
should imply that the inner wall surface temperature 
equals that of the air stream adjacent to it. A short 
distance from the inner-wall surface the air temperature 
may be slightly different from that right at the wall, 
and a thermocouple junction may be placed there. If 
the thermocouple wire is large enough heat may flow 
from the junction to the wall to affect the temperature 
at the junction. "Therefore, it is desirable to select 
wire that is just large enough to possess the necessary 
mechanical strength, and yet prevent enough heat-flow 
longitudinally to affect the junction temperatures. To 
secure an accurate average of temperature some junc- 
tions must be near the walls, following the arrangement 
indicated in Fig. 2. It is also evident that to read the 
correct temperature a little farther away from the wall, 
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where the air temperature is higher, by thermocouple, 
the cooler air stream near the wall should not affect 
the junction temperature. 

As previously stated, there may be a very consider- 
able error if the cold and warm thermocouples are not 
symmetrically placed with respect to the heater, (due 
to unequal radiation), even if the heater is worked at a 
comparatively low temperature. 

In taking observations it is usually well to take at 
least two sets of readings with different watts input to 
the heater, for the same volume. The watts divided 
by the millivolts should not differ more than about one 
percent. Thisisa means of checking unequal radiation 
to the cold and warm junctions. 

Effects of a Drop in Pressure in Passing Through the 
Meter. When using a volume meter for measuring ‘a 
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Ia. Thermocouple reading in millivolts plotted against time in min. 
after closing the heater switch, with a normal rate of air-flow through the 
meter. 

IIa. Same as Ia except a low rate of air-flow through the meter. 

Ib. Per cent error plotted against time at which the temperature is 
read for normal rate of air-flow through the meter. 

IIb. Same as Ib except a low rate of air-flow through the meter. 


much larger volume of air than normal, there may be a 
considerable pressure drop in the meter. Since this 
represents a dissipation of potential energy it may be 
thought that this may result in an increase in air tem- 
perature with a corresponding error in the indicated 
volume. Taking an extreme case, if the energy dis- 
sipated went to increase the temperature of the air, a 
pressure drop of one in. of water would give an increase 
in temperature of 0.21 deg. cent., which would be a 
serious error when as ordinarily used the rise in the 
volume meter is only two to four deg. cent. However, 
the expansion of the gas tends to cool it and the energy 
dissipated tends to heat it, so that these two effects 
compensate for each other. Or, stated differently, 
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when gas is expanded by a throttling process the total 
energy content of the gas is unchanged so that for a 
perfect gas there would be no change in the tempera- 
ture. In actual gases there may be some very slight 
change in temperature which may either heat or cool 
the gas depending on the initial temperature and 
pressure; but under conditions prevailing in the thermal 
volume meter, they are negligible. _ 

Influence of Variation in Specific Heat and Humidity. 
Errors introduced by neglecting the influence of change 
of specific heat with temperature, and of various per- 
centages of humidity are very small, and it is believed 
that for practically all engineering work, their effects 
upon volume meter readings may be ignored. Accord- 
ing to Mark’s Mechanical Engineers Hand Book, 
the specific heat of dry air at 10 deg. cent is 0.2412, and 
at 50 deg. cent. it is 0.2422,—a difference of only 0.41 
per cent, over a probable greater range of temperatures 
than will usually be encountered. 

As to humidity, the density decreases and the specific 
heat increases the greater the humidity, the product of 
the two changing very little. At 25 deg. cent and 29.92 
in. of mercury, for dry air the product is 0.07403 by 
0.2418 = 0.0179. For 100 per cent moisture it is 
0.07317 by 0.2462 = 0.01801. The difference between 
these two products is only 0.6 per cent, and this is for 
greater extremes than will be found in test. 


SOME NOTES ON DESIGN 
Let W = watts input to heater. 
d = diameter of wire in heater, in. 
length of wire in heater, in. 
resistivity of metal used in heater in ohms 
per square in. per in. 
surface of wire in heater, sq. in. 
mean velocity of gas, thousands of ft. per 
min. 
E. m. f. across heater. 
— temperature rise of wire above air. 


d? E? 


Then W (10) 


pl 
S —-mq dl (11) 
The formula that has been used for the rate that heat 
is transferred from the wire to the air 1s:? 


1.21 к ————— 
W (^r +595 ) VTF 037 
S0 — 10: 
The first term in the numerator may be dropped 


without much error, and the three equations may then 
be combined and solved: 


ae ES ) 
p (1 + 20.8 V) 0 


9. Taken from paper by Kennelly, Mong and Van Bylevelt, 
TRANS. А. I. E. E., 1909, p. 388. 


(12) 


(13) 


PENNEY AND FECHHEIMER: THERMAL VOLUME METER 


543 


d = 1.18 Vpl W (14) 
from which the length and diameter of!wire may read- 
ily be calculated. When these are determined, the 
arrangement of the various parts may be determined 
by means suggested in other parts of the paper. The 
watts loss is determined from a knowledge of the 
approximate volume of air and the temperature rise of 
the air. 

Velocities of air from about’400 to 4000 ft. per min. 
have been used in volume meters. When using the 
above equations, one should estimate on the highest 
velocity anticipated, as, for a given temperature rise 
of the gas, the higher the velocity the higher the 
temperature of the heater coils. 


Appendix I 


ADVANTAGES AND DISADVANTAGES OF VARIOUS 
METHODS OF MEASURING GAS VOLUMES 


The measurement of air volumes is very difficult 
because air cannot be weighed by the methods or- 
dinarily used for weighing or measuring solids or liquids, 
nor does its flow follow simple laws such as for the 
flow of an electric current. For these reasons, rather 
indirect methods must be used for measuring air 
volumes. There are many different methods, and 
each has advantages which make it applicable to 
certain cases. The following are some of the most 
commonly used methods: 


1. Direct measurement of total volume by means 
of a gas-holder or gasometer. 

2. Measurement by displacement of volume per 
unit of time (e. g., an ordinary gas meter). 

3. Measurement by means of an anemometer of 
the velocities of the air passing a given area. 

4. Measurement of the pressure drop across a given 
orifice. 

5. Measurement of the velocity of discharge from a 
nozzle, using an impact tube to measure the velocity 
head. 

6. Measurement of velocities in a duct by means of a 
pitot tube. 

7. Measurement of pressure change in a converging 
(subsequently diverging) channel, known as a Venturi 
tube. 

8. Measurement of volume per unit of time by 
means of a thermal volume meter. 


A few of the advantages and disadvantages of these 
eight methods are given below, in brief: 


1. The gasometer is the absolute method for accu- 
racy. Its very large size prohibits its use except for 
calibrating other devices, and then only for the smaller 
rates of flow. For example, the air from a 10-hp. 
motor, if caught for one minute, would probably 
occupy about 100 cu. ft. 

2. The ordinary gas meter is also too large, except 
for small volumes of flow. Also, in most displacement 
meters the pressure drop is prohibitively high for use 
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with electrical machines. It is an accurate means of 
measurement. 


3. With an ordinary rotating-vane anemometer, it is 
usually found very difficult to get accurate results. 
The instrument itself is liable to disturb the flow; the 
resistance that it offers to the flow may reduce the 
volume of air through that part of the section in which 
the instrument is placed. If held by hand, the arm 
and hand disturb the flow and seriously affect the 
reading. The anemometer is a delicate instrument, 
and its calibration is liable to change. It may be used 
with a fair degree of accuracy when the total volume 
of air passes through it," but that is necessarily a 
limited application. So far, the hot-wire anemometer 
has not been successful, as it is usually too sensitive 
for direction of flow. 

4. 'The measurement of pressure drop across an 
orifice is very satisfactory where the pressure drop neces- 
sary to obtain a reading of reasonable magnitude is 
not objectionable. The orifice requires calibration, 
but fairly complete published data are available giving 
the calibrations.! A considerable length of straight 
duct is required, both ahead of, and past the orifice, as 
otherwise the measured pressure drop across the orifice 
may be changed. For these reasons an orifice is 
seldom, if ever, used for electrical machines. The 
method has been used successfully in work on models, 
but even then the applications were rather special. 


5. When a pressure drop of the order of an inch of 
water is permissible, the air may be discharged through 
a nozzle or stack, and the velocity head of the stream 
may be measured by means of an impact tube and an 
ordinary manometer. Some rather extensive data 
are contained in a paper by Dr. S. A. Moss,‘ but as the 
conditions may be different in the electrical machine, it 
may be advisable to do some experimental work to 
find a form of nozzle which will give approximately 
uniform discharge velocities. An example of a stack 
is shown in Fig. 2 in a recent paper by Laffoon and 
Calvert. The stack is applied to a turbo alternator, 
and in many such high speed machines the volume is 
affected but little by the additional pressure needed 
for the stack; and if the fan characteristic is approxi- 
mately known the volume can readily be corrected so as 
to allow for the reduction. 

6. With a pitot tube, it is essential to have a long 
straight duct so as to eliminate most of the eddies, and 
the velocities must be high enough to secure high 
enough reading to insure reasonable accuracy. The 
long straight duct is usually very inconvenient, and 


10. Aninstance of this was described in paper An Experimental 
Study of Ventilation of Turbo Alternators, A. I. E. E. TRANS., 
Vol. 43, 1924, p. 480. 

11. J. M. Spitzglass, ‘‘Orifice Coefficients, Data and Results of 
Tests, Trans. of A. S. M. E., 1922. Also report of A. S. M. E. 
Special Committee on Fluid Meters, Part I, 1924. 

12. Additional Losses of Synchronous Machines, TRANS. 
A. I. E. E., Vol. XLVI, 1927, p. 84. 
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there may be an appreciable pressure drop due to the 
length of the duct, fairly high velocity and losses at the 
bend usually essential at the ends of the duct. Even so, 
unless the pitot tube is used with considerable care, 
errors will be introduced. For these reasonsthis method 
is seldom applicable to electrical machines. 


7. 'The Venturi tube is used frequently with liquids, 
but seldom with gases. 'The authors have not had 
practical experience with this device, but it appears that 
unless the converging channel is made carefully, and the 
taps for pressure drop placed with precision, the 
meter is not accurate. Venturi meters were used in 
some tests a few years ago with apparently considerable 
suecess.? There will be some loss of pressure, as, with 
the divergent channel following the convergent duct, 
some head must be lost. It is believed not to be 
in general suitable for use with electrical machinery. 


8. One of the principal advantages of the thermal 
volume meter is that the pressure drop through it is 
very small, as the obstructions offered by the heater 
coils and the temperature-measuring devices are not of 
great magnitude. Furthermore, the velocity can be 
low as compared with that needed with most of the 
other methods enumerated above, which also means 
low pressure drop. 


Appendix II 


SoME NOTES ON COMPARISON OF RESISTANCE 
THERMOMETERS AND THERMOCOUPLES FOR 
TEMFERATURE MEASUREMENT 


In some of the earlier work of one of the writers, 
(about ten years ago), resistance coils were used, con- 
sisting of fine copper wires stretched zigzag across the 
air passage, the wires in the cold and heated air forming 
two arms of a wheatstone bridge, the other two arms 
being of constant resistance external to the volume 
meter. No connections were changed once the circuit 
was formed, so that there could be no error introduced 
due to a change in contact resistance. The network 
was so arranged that with a predetermined temperature 
rise of the air the galvanometer read zero. The loss in 
the heater was altered until this condition was obtained. 
However, this way of operating is very slow and tedious 
because there is a time lag between a change of the heat 
input and the resulting change in resistance. This 
makes it very difficult to secure a balance if there are 
fluctuations in voltage or air flow. A much more 
convenient method is to adjust the heater current to a 
given value and read the resulting temperature rise 
of the air, but this requires changing the contacts when 
measuring resistance. 

An inherent difficulty in using resistance coils is that 
the rise in temperature is small, so that the change in 
resistance is very slight and, therefore, extreme accu- 

13. ‘The Operation of Blowers in Parallel for Forced Draft in 
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racy is required in measuring the resistance. Thus, for 
two deg. cent. change in air temperature the change in 
resistance is only 0.8 per cent; consequently the maxi- 
mum allowable error in measuring this resistance is 
about 0.008 per cent for one per cent error in volume. 

Even though resistance can be measured with great 
accuracy with a wheatstone bridge network, it is 
believed that such order of precision is too much to 
expect. On the other hand, each thermocouple 
measures the temperature rise of the air between the 
two points in the cool and warm air where the two 
junctions are located. A given percentage error in 
measuring the e.m.f. of the thermocouple produces 
the same percentage error in the air volume. But 
when using resistance thermometers a given percentage 
error in measurement of resistance is multiplied many 
times in the air volume. Higher air-temperature rises 
than two degrees are frequently used, but that means 
proportionately greater power consumption in the 
heater which is quite an item with large volumes. 
The smallness of this error with thermocouples is one of 
their important advantages. 

In the tests referred to above, the wires in the resis- 
tance coils got covered with dirt and the added weight, 
combined with the effect of the air streams impinging 
on the enlarged surfaces, caused the wires to sag, 
thereby changing the resistance of the thermometer 
coils. As the resistance did not change equally, a very 
serious error was introduced. While it is true that in 
some meters this objection is met by more substantial 
construction, it also may mean greater obstructions 
in the paths of the gas, and usually considerably more 
expensive construction. 

There is an advantage in the use of resistance 
thermometers, in that a better average of the tem- 
peratures is obtained. However, as previously ex- 
plained, it is believed that with a large number of 
thermocouples, the error is so small as to be negligible. 

Each source of error applicable to volume meters 
equipped with thermocouples, holds also for resistance 
thermometers, except that due to the escapement of 
heat along the thermocouple wires to the walls of the 
meter. However, there may be even a larger error with 
resistance coils, because the supports afford paths for 
heat flow to or from the walls, which may affect the 
temperatures of the coils. 

It will be of value to obtain an expression of opinion 
from others regarding the merits of the two methods 
of measuring the gas temperature rise. 


Appendix ITI 


THE ELECTRICAL MACHINE AS A THERMAL VOLUME 
METER 


In most electrical machines in which forced convec- 
tion is used for cooling, an accurate knowledge of 
the temperature rise of the air and of the losses which 
produce it, should enable one to calculate the vol- 
lume. Conversely, if one knows the volume and the 
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temperature rise of the air, one can calculate the losses. 
Both ideas have been used. In most tests it is too 
expensive to provide separate volume meters. Fre- 
quently the machine losses and air-temperature rise 
in the machine can be used to advantage to determine 
the approximate volume. Even though the method is 
not accurate, it is extremely helpful at times when one 
is searching for the cause of high temperatures. 


There are errors that may creep in with this method . 


which do not appear as such in the thermal volume 
meter. 


1. It is difficult to determine the amount of the 
losses that are absorbed by the ventilating air. Usually 
the bearing loss has little effect on the air-temperature 
rise, and, as it is uncertain in magnitude, it is very 
difficult to correct when making a single test. A 
method has been suggested by E. Roth" in which the 
losses and corresponding air-temperature rise are 
measured for two different conditions at the same 
speed (e.g., tests at two voltages). If the friction 
losses are the same for both tests, the bearing loss 
can be eliminated by using the difference in air-tem- 
perature rises and the difference in losses. Since the 
result depends on the difference of quantities of the 
same order of magnitude, any error in the readings is 
magnified in the result. This may be a serious source 
of error because a machine has a high thermal capacity, 
and it takes considerable time to determine the steady 
state air rise. An accurate determination of the air 
rise is nearly impossible if the room temperature is 
fluctuating. Therefore, this method may lead to 
erroneous results. 


If only one temperature test is made, and the losses 
determined separately, we are never certain just how 
much the electrical losses are. This, of course, is quite 
beyond the scope of the paper, and is only mentioned to 
indicate some of the uncertainties. 

2. We usually assume that all losses go to heating 
the ventilating air. .A small part of the generated 
heat escapes from the frame, or from other parts of the 
machine, and all that can be done is to estimate 
roughly the extent of such heat escapement. This 
heat escapement is generally by natural convection and 
radiation, neither of which admit of accurate calcula- 
tions. Fortunately, most of such heat loss is relatively 
small, so that a great error is not introduced, 


3. Ifthe air temperature rise is measured where the 
air leaves the machine the air velocity and temperature 
usually vary widely at different parts of the cross- 
section. Under such conditions a true average tem- 
perature rise cannot be obtained. To correct this, 
either the velocity or the temperature must be sub- 
stantially uniform over the cross-section where measure- 
ment is made. This requires special precautions in 
measuring the temperature rise of the air. One 
method of securing uniform air velocities at the point 
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where the temperature is to be measured is described 
in the paper by Laffoon and Calvert.2 A stack was 
used, thereby securing nearly uniform velocities. 
Itihas been the writer’s experience that it is desirable 
to measure the temperature rise of the machine's 
ventilating air by means of a thermopile, just as for 
measuring the temperature rise through a volume 
meter. This means that a large number of wires must 
be used and for every thermocouple, the wires must be 
гоп тот the intake to the outlet. Not less than 8 
thermocouple junctions should be used at each intake 
assuming two intakes, meaning that there are 16 


Ето. 6—A SMALL TURBO ALTERNATOR WITH VOLUME METERS 


ATTACHED 


Thermocouples were also provided for measuring temperature rise of the 
air through the machine. 


junctions at the discharge. It is desirable to increase 
this number. 

A turbo alternator (Fig. 6) was rigged up for testing, 
with volume meters and with thermocouples to measure 
the rise in temperature of the air passing through the 
machine. For simplicity of test, the machine was 
inverted. The large number of small wires are parts 
of the thermocouples. 

Experience indicates that it is not well to use cotton 
covered wire for these thermocouples as they get 
covered with dirt and there is liable to be a small 
leakage current from one wire to another which cannot 
be indicated readily, and all of the readings become 
worthless. It is well to use higher grade insulation, 
such as rubber, on the wires. The thermocouple wires 
in Fig. 6 were cotton covered, out were subsequently 
changed. 
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Discussion 


W. F. Dawson: My experiences have been very much along 
the lines of these authors, except that I have used resistance 
thermometers rather than thermocouples. 

When we started we didn’t use the calorimetric idea at all. 
We started in by attempting to measure the air velocity, and 
thence the air volume with manometers, and we found, as you 
will see by referring to an article I wrote for the General Electric 
Review, February 1920, enormous irregularities of air velocity 
across the inlet section. The air velocity across the outlet 
circuit was not quite so bad, but you will find how that might be 
by referring to the paper by Barclay and Smith,! which was 
prepared almost at the same time that I prepared my article. 

At the suggestion of Dr. S. A. Moss, I adopted the calori- 
metric method. We have been going ahead with that; in fact, 
I make practically all of my efficiency and loss tests on turbo 
alternators by this method, and I cannot over-emphasize how 
valuable and how convenient it has been. We never could have 
accumulated the information for the analysis of our losses on 
turbo alternators if it hadn’t been for this exceedingly satis- 
factory scheme. | 

I feel that a comparatively large increase in the temperature 
of the air as it is passing the heater coils contributes so much to 
the accuracy of our information that we сап afford a little effect 
from radiation. 


We did find soon after we started the experiment with the . 
heaters that immediately they were switched on, the temperature 
of both inlet and outlet air was increased; I mean by that the 
air entering the heater and that leaving it. 


Quite contrary to the arrangement shown in the illustrations 
in the paper, I placed this meter in the discharge pipes or con- 
duits and when I found that we had to take account of radiant 
heat, we were very careful to place that heater midway between 
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the two resistance thermometers so that the heat would affect 
both equally. 


We make a log showing the effect of the radiant heat from 
the heater from which final corrections are made. 


There is one other thing, the question of averaging the air 
temperatures, whether it is Hi, He, or Н; (H, being the tempera- 
ture of the air entering the machine or dynamo under observa- 
tion, Н» the temperature of the air as it leaves the dynamo, and 
H; the temperature of the air after it has passed the heater). I 
finally made resistance thermometers in which the copper 
resistance wire was wound upon wooden struts placed arbi- 
trarily about every 4 in. and having stream line sections, spaced 
equally across the air passage. We pass the resistance wire 
between loosely cogged gears in order to corrugate it and prevent 
it from being strained as it is heated and cooled and then we wind 
it on those struts as a helix of small insulated copper wire, 
shellae it in place, connect all in series and ealibrate the whole 
frame, in the Standardizing Laboratory. Then by special 
indieating galvanometers we read our air temperatures direetly 
and accurately within 0.1 deg. cent. 


J. Ormondroyd: The temperature read on the potentiom- 
eter of the air-flow meter is an average value got by a '"sum- 
mation of ordinates” integration. The milli-volts which would 
be generated in any couple depends on the position of the couple 
in the flow meter cross-section V =f (x, y) 


where the center of the cross-section ean be considered the origin 
of the z, y coordinate system. The average milli-voltage V in 
the case where the couples are arranged in rows and columns 
equally spaced over the meter cross-section is 
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Where the distribution is actually known V can be determined 
accurately by means of an experimental integration by build- 
ing a solid whose upper surface represented the known f (z, y,) 
and weighing it, for instance. In the flow meter the actual 
distribution depends on the disposition of the heaters, and 
the character of the air flow; but the couples are distributed in a 
fixed manner over the cross-section. The accuracy of the 
integration performed by the potentiometer depends on the 
distribution. 

Tests on the small flow meter show that the distribution of the 
temperature over the cross-section can be represented approxi- 
mately by the empirical equation V = 65 — 72? — 7 у? 

With twenty-five couples arranged in five rows in the stag- 
gered fashion used, average values in each row of couples and 
over the whole area are calculated by adding ordinates, and by 
analytical integrating. Assuming the analytical integral to be 
correct, the errors are as follows: 


Couple plane Per cent error 


Center........... + 0.5 
Half way out..... + 0.6 
Outside.......... — 0.9 


The average over the whole area is = 50.6 analytically, and 
= 51 by summing ordinates. The per cent error is 0.8. 


Doing the same with 20 couples gives 0.6 per cent error; a 
somewhat smaller error than the larger number of couples gives, 
probably due to a more fortunate distribution of the couples. 


When continuous resistance wires are used instead of distrib- 
uted thermocouples, the errors in the planes of the wires may 
be considered to be zero. But in summing up five parallel wires 
(to compare with the 25-couple arrangement), the error is still 
about 0.6 per cent. The difference is not enough to be of 
practical importance. 
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The probable error in the small flow meter is in the order of 
+ ] percent. In the larger meter the distribution of tempera- 
ture is not so uniform and the error may be two or three times 
larger. 

B.L. Barnes: Theauthors have very wisely called attention 
to a number of sources of errors in the set-up and operation of a 
thermal volume meter but I believe that it is also advisable to 
mention a very important condition that should be taken into 
consideration when using a volume meter of this type to make 
efficiency or loss tests on large apparatus. That condition is 
that the temperature of the air entering and leaving the machine 
as well as the temperature of the machine must reach a constant 
value before readings can be taken for determining the losses or 
efficiency for the load that the machine is carrying. Large 
machines will require from five to ten hours to reach constant 
temperature at a given load and if the temperature of the cooling 
air entering the machine happens to be changing toward the end 
of that period the change in temperature of the cooling air passing 
through the machine is not a true measure of the losses. If 
the temperature of the air is rising the machine losses go to raise 
the temperature of the machine as well as to raise that of the air 
passing through. The rise in the air would be less than under a 
constant condition. If the temperature of the air is dropping 
the temperature of the machine will drop and the heat energy 
stored in the machine will be given out to the cooling air so that 
its temperature will be raised more than under a constant 
condition. 


Several attempts were made by the engineers of the Hydro- 
Electric Power Commission of Ontario and by myself to carry 
out tests of this kind on some large generators on the Canadian 
side at Niagara Falls. We were never quite satisfied with the 
results because the temperature both in the power house and out 
of doors was constantly changing, and there was no way of 
controlling the temperature of the air as it entered the generator. 


C. J. Fechheimer: It is interesting to learn that Mr. Hobart 
was one of the first to propose the idea of the thermal volume 
meter. It is also well to recall at this time a paper presented 
before the Institute in 1909 on The Convention of Heat from 
Small Copper Wires. As a result of the investigations given 
in that early paper the hot-wire anemometer was developed. 

Referring to Mr. Dawson's contribution, our views on the 
question of resistance thermometers versus thermocouples are 
covered in the paper. There is just one point on which we would 
comment. Не claims that he measures the air-temperature rise 
within 0.10 deg. If the total rise is of the order of 2 deg., the 
possible error is then 5 per cent, which is considerable. If the 
air rises are much higher, the power consumption in the heater 
becomes eonsiderable with large volumes. 


Replying to the question raised by Mr. Barns, we also have 
had difficulties from variations in cooling-air temperature. 
This frequently is due to opening and closing of doors, windows, 
or the like. In some tests in & turbo alternator, the cold 
thermocouple junctions used in connection with the temperature 
rise of the air through the machine, were placed on relatively 
heavy copper which had fairly large thermal capacity, and 
somewhat reduced the effects of alterations in air temperature. 
But generally, where accuracy is important, the time for making 
tests should be so chosen as to eliminate the effects of unsteady 
draughts, or equivalent, upon the ingoing air temperature. The 


gradual changes in air temperature are usually not the causes оѓ 


disturbances; the sudden changes are the troublesome ones. 


It is of value to estimate the probable loss of heat from the 
heater coils when they are worked at high temperatures. We 
shall assume a heater wire 0.04 in. diameter, and calculate by 
means of Eq. 12 in the paper the watts per sq. in. at two tempera- 
tures and two velocities; 500 and 4000 ft. per min. The heat 
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escapement by radiation is given by the well known equation for 
dull black surfaces (the wires tarnish and get dirty after being 
in operation for some time): 


4 4 
TER Ti ) T; ) ] 
Watts persq.in. = 36.9 | ( 1000 ( 1000 


Here 7, and Т, are the absolute temperatures in deg. cent. 
of the hot and cold surfaces respectively. The surface of the 
wire here is only the projected area, whereas that computed by 
means of Eq. 12 is the entire outer area. That is, for compari- 
son, the radiated watts should be divided by 7. One extreme 
would be if all the radiated heat were finally transmitted to the 
duct walls whence it escaped by conduction through the walls 
to the outside air. That is hardly justifiable. We shall assume 
a duct width equal to the distance between cold and warm 
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thermocouple junctions, in which case there might be a possi-. 
bility of about 14 of the radiated heat escaping. The following 
table is based upon all of the above assumptions, the ingoing air 
temperature having been taken as 25 deg. cent. 


Heater rise Air vel. Per cent. 
deg. cent. ft. /min. error 
50 500 0.255 
600 500 1.980 
50 4000 0.094 
600 4000 0.740 


Thus it will be seen that at low velocities the error intro- 
duced by running the heater, at high temperature may be more 
than should be allowed. Тһе error is practically negligible if 
the heater rise is around 50 deg. cent. 


——————— 7 
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Synopsis.— During the last few years there has been a very rapid 
increase in the rating of turbine generators. That these ratings 
might be possible, a large amount of investigation has been necessary; 
and this paper covers, in a general way, some of the problems that 
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have been studied and solved by the engineers of the Westinghouse 
E. & М. Со. The present status of the design of turbine generators 
is given, and what the future developments must be if still larger 
generators are to be built. 


INTRODUCTION 


HE object of the present paper is to describe some 
of the problems that have been encountered in 
the development of the turbine generator during 

the last five years, and to illustrate the means by which 
the recent increases in the ratings of the individual 
units have been made possible. These five years have 
witnessed a very rapid expansion of the size of the 
individual units. In 1922, the largest four-pole, 1800- 
rev. per min., single generator in operation, or under 
eonstruetion, had an output of 37,500 kv-a.; at the 
present time, individual units of the same speed having 
a capacity of 94,000 kv-a., are being built. 

The general application of the cross-compound 
principle has brought about units of power generation 
having enormous outputs. The amount of power 
generated in the present combinations of two or three 
generators has reached a value corresponding to the 
output of a complete power plant of a few years ago. 
The advance made in the ratings of the individual 
generators is not always apparent in reviewing the 
outputs of the cross-compound units. The figures 
given in Table I indieate, however, that the increases 
in the rating of individual generators have been fully 
as striking as the increases in the ratings of complete 
units. In 1925, in the two-pole, 1500-rev. per min. 
elass:the maximum output of a single generator was 
66,700 kv-a.; at the present time there is a generator 
of this type under construction having an output of 
160,000 kv-a. In the four-pole, 1800-rev. per min. 
class, the maximum rating in 1924 was 44,400 kv-a.; 
at the present time, a unit of 94,000 kv-a. is being built. 
Thus, in both classes, the output has been more than 
doubled in less than four years. The figures in Table I 
have been given to indicate the trend of the develop- 
ment and do not represent a complete record of all 
large units that have been built or are under 
construction. 

The construction of a turbine generator of these 
large sizes is à problem that encompasses practically 
all branches of mechanical and electrical engineering, 
and the achievements of today are the results of years of 
intensive development work of several firms and many 
individuals. This chapter of the history on the de- 

1. Both of Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 


, Presented at the Winter Convention of the A. I. E. E., New York, 
N. Y., February 13-17, 1928.. 


radial type. 


velopment of turbine generators, which is presented in 
this paper, will be told mainly in terms of the develop- 
ment work carried out by the Westinghouse E. and M. 
Co. Itis hardly necessary to emphasize that this does 
not imply that this company has been the sole agency 
in this development, because the majority of the prob- 
lems presented have been encountered and brought 
to a satisfactory solution by all firms active in this 
branch of engineering.? 


THE VENTILATION PROBLEM 


For 1800-rev. per min. machines, the diameter of the 
rotor is limited (with materials commonly used), to 
about 55 inches, so that the increases in capacity which 
have taken place in the last five years have been 
obtained chiefly by increases in the core length. Even 
in the largest units built five years ago, it became in- 
creasingly difficult to supply all the cooling air from 
the two ends of the machine, not only because of the 
excessive pressure required, but also because of the 
increase in temperature of the cooling air as it passed 
through the machine. This latter factor was particu- 
larly important in long axially ventilated machines. 

Multiple radial ventilation solved this difficulty, and 
it is now possible to obtain fully as uniform a tem- 
perature distribution for core lengths of 250 in. as for 
100 in. The multiple radial system of ventilation is 
illustrated in Fig. 1. The stator laminations and vent 
plates are built up in a similar manner to the simple 
The multiple radial system differs from 
the simple radial in that not only can the air enter from 
theendsof the machine by way of the air-gap, but air can 
also enter the machine from the back of the core in one 
or more zones. In this manner a number of paths in 
multiple is provided. Air passes through the air-gap 
from the ends and is discharged through the radial 
vents at the end of the stator. "The air entering from 
the back of the core flows radially inward toward the 
rotor, then axially along the air-gap, and then, radi- 
ally outward in the discharge zones. As the length of 
the stator is increased, the number of intakes from the 
rear is increased in order to obtain uniform air velocities 
along the core. The introduction of cool air at a 
number of points along the core from the back of the 
core serves to give the result of a number of short 
machines in series, as far as air distribution is concerned; 


2. See Bibliography. 
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TABLE I 
Size of No. of Rating of P. F. Speed | 
unit—kw. generators each gen.—kv-a. % rev. per min. Year Manufacturer 
60,000 1 66,700 90 1500 1925 G. E. 
80,000 2 44,000 90 1800 1924 Westinghouse 
60,000 1 70,600 85 1800 1925 G. E. 
50,000 1 59,000 85 1800 1927 Allis Chalmers 
88,000 2 38,000 85 1800 1927 G. E. 
_ 64,700 1200 
90,000 1 100,000 90 1500 On order G. E. 
200,000 | 3 89,400 85 1800 On order G. E. 
72,940 1800 
72,940 1800 
110,000 2 68,750 80 1800 On order Westinghouse 
| 68,750 1800 
160,000 2 94,100 85 1800 On order Westinghouse 
1800 
160,000 1 160,000 100 1500 On order G. E. 
160,000 2 88,250 85 1800 On order Brown-Boveri 
100,000 1200 


and it is no longer necessary to restrict the core length 
on account of ventilation. The multiple radial ventila- 
tion system was extensively investigated several years 
ago by Fechheimer, Bratt, and others? and while the 
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Fig. 1—Tue MvuLTIPLE RADIAL VENTILATION—SKELETON 
FRAME 


system was not new at that time, an exact predetermina- 
tion of the dimensions of the air circuit was not possible 
until the work of these men had been completed. 

The detail arrangement of the stator ventilation has 


3. C.J. Fechheimer, Trans. А. I. E. E., Vol. 43, 1924, 
p. 476, An Experimental Study of Ventilation of Turbo 
Alternators. 

D. Bratt, Trans. A. I. E. E., Vol. 48, 1924, p. 467 
The Multiple Radial System of Cooling Large Turbine Generators. 

C. J. Fechheimer and G. W. Penney, Trans. A. I. E. E., Vol. 
45, 1926, p. 253, Concluding Study of Ventilation of Turbo 
Alternators. 

C. J. Fechheimer, А. S. M. E., 1924, ‘‘Performance of Centrifu- 
gal Fans for Electrical Machinery." 


required considerable attention. The minimum number 
of ventilating ducts required to give satisfactory air 
distribution may result in iron packages of too great 
width and, in consequence, too high temperature drop 
through each package. Fig. 2 shows a section of the 
stator including two iron packages, one radial vent, 
and two coils with their insulation. For the distance L 
of the coil, there are two paths in parallel for the heat to 
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flow to the surrounding air. For the portion of the coil in 
the radial duct, there is a temperature drop through the 
insulation and a surface temperature drop; and for that 
part of the coil embedded in the iron, there is an addi- 
tional temperature drop through the punchings. 
Therefore, the part of the coil in the duct will dissipate 
more than its proportion of the heat. In order to 
calculate these various temperature drops, it is neces- 
sary to determine the thermal conductivity of the 
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built-up stack of punchings, the thermal conductivity 
of the insulation, and the surface drop in relation to air 
velocity. For the particular case shown, 30 per cent 
of the heat generated in the coil escapes directly to the 
air in the duct, although only 18 per cent of the coil is 
in the air duct. Fora total drop from the copper to the 
air of 58 deg. cent., 33 deg. cent. represents the drop 
through the insulation, 12 deg. cent. drop through the 
iron, and 9 deg. cent surface drop. For that portion of 
the coil in the air duct, the drop through the insulation 
is 51 deg. cent. and the surface drop 2 deg. cent. These 
figures are representative for one particular type of 
generator and will vary for different proportions in 
machines, but they do show in a general way the 
magnitude of the different temperature drops. 

For more than five years the project of ventilating 
with hydrogen generators and other large machines, 
has been under active consideration by designing 
engineers. The most important advantage connected 
with this use of hydrogen is reduction in windage 
loss; in an 1800-rev. per min. generator of the maximum 
sizes under consideration, this is the largest single loss in 
the generator, and may amount to as much as one 
percent of the kw. rating. But there are obvious practi- 
eal difficulties in building a sufficiently gas-tight 
structure and these practical problems have, up to a 
very recent date, prevented the accomplishment of this 
interesting development. 

While there have been no machines actually installed 
using hydrogen as a cooling medium, several turbine 
generators have been sold with the provision that 
hydrogen may be used later, and a large synchronous 
condenser has recently been sold for immediate installa- 
tion with hydrogen cooling. Experimental work is 
being actively conducted, and the Westinghouse Co. 
has an experimental 7500-kv-a. generator operating 
with hydrogen cooling. The decrease in friction and 
windage loss, and the possible increase in rating due to 
better heat transfer in a hydrogen atmosphere, make 
the use of hydrogen most attractive. It is the opinion 
of the authors that it is only necessary to demonstrate 
to operating engineers the safety of machines ventilated 
by hydrogen, when there will be another general step 
upward in efficiency and rating. In order to gain the 
most from hydrogen cooling, the design proportions 
must be changed to suit the new conditions. The 
arrangement of the ventilating ducts should be dif- 
ferent, since higher velocities can be used advanta- 
geously. Then too, the proportions of rotor and stator 
strength must be altered if the same short circuit ratio 
and stability is to be maintained. For these reasons 
it would not be possible to change existing air-cooled 
machines to hydrogen-cooling, and materially increase 
the rating without making other fundamental design 
changes. 


DESIGN OF STATOR COILS 
In order to build machines of extreme core lengths for 
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these large ratings, it became necessary to modify the 
design of the stator coils. On shorter machines, it has 
been customary to build the coils in one piece as shown 
in Fig. 3. This type of coil is continuous from the 
front, without any connections in the rear. Such a 
coil has the advantage of being turned over in the rear- 
end connections; that is, the top conductor of the top 
coil in one slot becomes the bottom conductor in the 
bottom coil in the return slot. This provides partial 
transposition against eddy currents and when additional 
transposition is provided at the front of the coil, the 
additional losses due to eddy currents can be reduced 
to less than 30 per cent of the copper loss. Long coils 
of this construction may weigh as much as 350 Ib. and 
are therefore difficult to handle in the insulating process 
and in winding the coils in the core. This makes it 
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desirable to construct them in halves and connect them - 
on the front and rear. If it were possible to connect 
each strand individually at the rear, the structure of 
the half coils would be the same as full coils so far as 
eddy current loss is concerned; but for deep coils with 
many strands, such construction is impossible because 
of insufficient room to make all the connections. It is 
necessary, therefore, to transpose the strands somewhere 
between the front and the rear of the machine. "This is 
most easily carried out in the straight or buried part 
of the coil. 


There are several different methods by which this 
can be accomplished. The method used on the large 
machines designed by Westinghouse engineers is a 
combination of transposition of strands within the 
slot, and transposition outside the slot at the ends of the 
coils. Any one conductor in the coils is split up into 
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groups of several strands in depth and the strands in 
. each group are transposed within the slot to eliminate 
the eddy currents between the strands in the group. 
The groups are then transposed with respect to each 
other at the front end of the coil to eliminate the eddy 
currents between the groups. The strands in a group 
may then be soldered together at the front and rear 
using a single joint. This arrangement reduces the 
transposition of the strands within the coil and simpli- 
fies the construction. One group and the detail of one 
strand is shown in Fig. 4. The transposition points are 
stamped out with a compound die. Each strand is 


Fig. 4—INTERNAL STRAND TRANSPOSITION 


insulated with mica tape in the same manner as when 
the coil had no internal transpositions. At the points 
of transposition, half the section of the strand is re- 
moved, but because the amount is a small percentage of 
the total and also because of the high heat conductivity 
of the copper, the temperature at these points is not 
materially different from that at other parts of the 
conductor. Tests have been made with thermo- 
couples located at different points on the coil, but the 
variation was no greater than could be expected in a 
simple conductor of uniform section. 

The question of armature coil insulation has been 
given considerable study in preparation for these 
larger units. -The stator coils on Westinghouse ma- 
chines have been insulated for a number of years with a 
mica-folium wrapper on the straight parts and treated 
tape on the ends of the coils. The individual strands 
in the coils and the conductors have been insulated 
with mica tape throughout their entire length. The 
insulation on the end turns has given good service and 
the same type of insulation has been used on water- 
wheel machines up to 18,000 volts. "The advantage of 
the treated tape on the end is that it is flexible and can 
withstand the slight movements of the coil ends that 
will occur on short circuit. ‘The seal between the mica- 


folium: wrapper and the treated tape has proved satis- - 


factory. While it has been criticized as a point of 
possible weakness, there has never been a failure at this 
point. | | E 
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An improvement in the mica folium has been made to 
correct swelling and wrinkling of the insulation. Re- 


‘search work revealed the cause of swelling to be due to 


the vapor pressure caused by the alcohol in the shellac 
bond of the mica and, to some extent, to moisture in 
the paper used for backing the mica. A large number 
of sample bars was wrapped under different manu- 
facturing conditions and with different classes of 
material. The bars were then placed in an electrically 
heated oven, some with voltage applied and others with 
no voltage. Readings were taken to determine the 
amount of swelling and temperature. The difference 
in temperature of the coils with voltage impressed and 
the temperature of the oven gave a relative measure 
of the dielectric loss. 

In Fig. 5, there is shown one of these sample bars in 
the oven as arranged for test. The bars were made up 
of square, hollow tubes and thermocouples were applied 
Plates were 
clamped on the coils, to represent the iron laminations, 
and gaps left between the end of the plates to represent 
the radial ducts. l 

The result of these tests led to the development of a 
new bond that practically eliminated the cause of in- 
sulation swelling. A comparison of the dielectric loss, 
as expressed by temperature rise above the oven tem- 
perature for coils with shellac bond and with the new 
bond, at various oven temperatures, is shown in Fig. 6. 
Three curves are shown covering two grades of shellac 
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‚Кто. 5—ExPERIMENTAL SPECIMEN OF Соп, ON TEST 


and the so-called black bond. It is evident that the 
dielectric loss for the black bond increased but slightly 
with temperature, while the two bars with mica using 
a shellac bond showed an increasing dielectric loss with 
rising oven temperatures. 

The use of this new bond resulted in a wrapper which 
was more flexible. This characteristic made it possible 
to build in additional sheets of mica which increased the : 
dielectric strength of the wrapper. Coils wrapped 
with insulation for 22,000-volt operation have with- 
stood à momentary test of 160,000 volts. 

In preparation for higher operating voltages than 
13,800, the use of a special coating for the outside of the 
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coils has been developed, to decrease the corona between 
the sides of the coils and the sides of the slots. Ifa 
perfect contact could be made between the coil and the 
sides of the slot throughout the length of the slot, corona 
would not exist. This ideal condition, however, cannot 
be reached because of manufacturing variations in the 
width of the slot, and in the width of the coil. If the 
coil touches the slot only at points, then there will be 
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corona from those points of the coil which do not 
touch. A semi-conducting film is therefore required on 
the surface of the coil so that all points on the surface 
wil be at ground potential. Fig. 7 shows an experi- 
mental set-up to demonstrate the effectiveness of such a 
conducting film. - On each coil there was placed a stack 
of punchings to represent the stator iron, and 30,000 
volts were impressed between the copper and the 
iron. The bottom coil (I) shows the corona on a coil 
without grounding film. The middle coil (II) shows a 
comparison of a coil with and without the protecting 
film, the middle of the coil being coated. The top coil 
(III) shows a method of damping out the corona at the 
ends by using a coating of somewhat higher resistance 
beyond the core. This test was made at higher voltage 
to ground than normally obtained in the machine in 
order to demonstrate more effectively the benefit ob- 
tained from the use of a grounding film. 

The question of higher voltages for generators is 
receiving attention on these larger units. A unit of 
100,000 kv-a. can be built for 18,800 volts, but the cost 
of circuit-breakers, switches, and bus-bars may make it 
desirable to build such machines, especially in new 
stations, for terminal voltages as high as 22,000. The 
machines for one station are being built for this voltage. 
Such machines must meet a final insulation test of at 
least 45,000 volts before going into service. To prepare 
for this final test, it is necessary to test the coils at 
considerably higher voltages after they are placed in 
the slots, but before they are connected. For lower- 
voltage machines these preliminary tests are made 
with the ends, where the connectors are applied, un- 
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insulated. With these higher voltages, however, the 
discharge will creep along the surface of the coil from 
the exposed ends to ground if the voltage is applied for 
aminute. With such high voltage tests in air, a certain 
amount of fireworks must be expected. 

General Design. With the increase in the size of the 
individual units has also come improvement in effi- 
ciencies. In the past the stator laminations were made 
from non-silicon steel. There was a prejudice against 
silicon steel in rotating apparatus because of brittleness, 
the fear being that the stator teeth would break off due 
to vibrations. Improved methods of building stator 
iron and better design of finger supports have removed 
the danger of loose iron and consequently, the danger of 
vibration. Furthermore, vibration life is a function of — 
the endurance limit of the material and because this is 
higher for silicon steel, it also has a greater vibration 
The early troubles in the use of silicon steel were 
associated with the use of fillets with too small radius 
at the bottom of the slots, which resulted in incipient 
cracks during punching. These fillets have been 
increased in radius and this trouble has been eliminated. 

‘Many machines have been built with two per cent 
silicon steel; and more recently four per cent silicon 
steel has been generally used. In other words, turbine 
generator stators are now built with a grade of steel 
which is equal to the best steel used in transformers. 
The high-grade, four per cent, silicon steel sheets have 
more scale than the two per cent and non-silicon steels 
and, therefore, must receive special treatinent to remove 
the scale. Itis possible, by special treatment, to obtain 
the same space factor with the four per cent steel as 
with the lower grades. 

To illustrate the reduction in core loss that results 
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. from the use of these higher grade steels, if the loss in 


non-silicon steel be represented by 100, the loss with 
two per cent silicon steel will be 70, and 45 with four 
per cent silicon steel. The use of four per cent silicon 
steel improves the efficiency slightly more than one 
per cent at full load, and two and a half per cent at 
half load, as compared with the efficiency of machines 
using non silicon steel. When this steel is used the 
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core loss is reduced from 50 per cent of the total loss to 


30 per cent of the total loss. 

A new trouble that has appeared in these larger 
machines, is heating of the finger plates which support 
the stator teeth. This heating is most noticeable on 
machines with high ampere-turns per slot, and on 
machines with full pitch or two-thirds pitch windings. 
For these two classes of windings the hottest fingers will 
be those between phase groups; and this might be ex- 
pected since these are the teeth in which the leakage 


flux flows in a radial direction along the teeth. The 


flux distribution is also affected by the nearness of the 
rotor retaining ring and magnetic saturation of the 
` retaining ring. A study of the flux distribution at the 
end of the machine has been made, using the methods 
developed in the papers presented at the 1927 Winter 
Convention of the Institute. The flux causing this 
‘heating can be controlled by proper proportions of the 
finger plates and retaining rings or, if this is not possible, 
by the use of non-magnetic manganese steel in the finger 
plates. The use of non-magnetic steel in the retaining 
rings is also beneficial under certain conditions. 

The questions of short-circuit ratio and regulation of 
turbine generators have not been of serious moment in 
the past, largely because turbine generators are usually 
installed near the center of load, and problems con- 
nected with long distance transmission have not arisen. 
The problem has received attention recently on those 
systems which do not use automatic voltage regulation, 
and where the capacity of the individual units is large 
in relation to connected load. In such a station with 
only a few units in service, the failure of one unit may 
throw a heavy load on the other units, and power 
stability may become important. The investigation 
has been made on the basis of constant field current and, 
consequently, decreasing voltage. Whether machines 
will be unstable on the basis of constant field current 
depends on the design of the generator and also on the 
system characteristics. Short-circuit ratio and degree 
of saturation in the generators are of importance, but 
it is just as necessary to know the variation of the load 
with change in voltage. With a lighting load, the 
current and kilowatts will decrease with voltage; 
while with an induction motor load the kilowatts will 
‚ remain practically constant, the current will increase, 
and the power factors will improve with decrease in 
voltage to a point above the pull-out point of the 
motors. Usually, an estimate must be made of the 
proportions of lighting and power load and this esti- 
mate has an important influence on the conclusions. 
Machines are in operation in this country with short- 
circuit ratios as low as 0.8 and large machines in general 
have short-circuit ratios between 0.9 and unity and, so 
far as we are aware, there have been no cases of instabil- 
ity which could be traced to generator design pro- 
portions. The cost of generators increases, with 
increase in short-circuit ratio. In Europe, short- 
circuit ratios as low as 0.5 are in use and this fact 
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partially explains the high ratings that are obtained on 
50-cycle 3000-rev. per min. machines. It is desirable, 
therefore, that specifications should not call for unneces- 
sarily high short-cireuit ratios, because this will limit 
the maximum possible size of generator, and will 
increase the cost per kilowatt. More definite informa- 
tion is required concerning the performance of systems 
with change in voltage, in order to establish more 
definitely the safe lower limit of short-circuit ratio. 
The performance of machines can be readily calculated 
if the load conditions are known, but studies, so far, 
have been made with assumed load conditions. The 
results are no more accurate than the degree of accuracy 
of these assumptions. 

Stator Construction. In the earlier constructions, 
turbine generator frames were made of cast iron. 
The section of the frame was determined chiefly by the 
demands of the stator-ventilation system, because the 
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casting included the ducts for conducting the cooling 
air to and from the core. A frame of this type is shown 
in Fig. 8. 

One of the most serious objections to this construc- 
tion is that it leads to frame widths too great for ship- 
ment with usual railroad clearances. For the longer 
core lengths, it would be necessary to ship the stator in 
parts and carry out the assembly and the winding at the 
power station. Another objection to the cast frame is 
the excessive weight. The rigidity and the strength of 
the frame are far greater than required by the stress 
conditions to which it is subjected in handling and in 
operation. 


These objections led to the separation of the frame in 
two parts; a super-structure of light, structural steel for 
the air passage and a skeleton frame for carrying the 
core. An analysis of the requirements of strength and 
rigidity was made in 19254 and it was found that the 
requirements from this point of view permitted a con- 
siderable reduction in the depth of the cast frame 
section and in the total weight. 


4. M. Stone, ‘‘Stresses and Deflections in Large Dynamo 
Frames," A. S. M. E., Dec. 1926. 
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Fig. 9 shows a frame of this type, with a part of the 
structural steel super-structure mounted on the outside. 
This super-structure is fitted at the factory, removed 
for shipment, and re-installed at destination. 

This improvement in stator construction reduced the 
weights of the heaviest pieces to be shipped approxi- 
mately 30 per cent, and the installed weight of the 
stator approximately 15 per cent. 

With this construction it is possible to build the core 
and complete the winding at the factory, and still 
maintain the width within shipping dimensions. The 
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Pennsylvania Railroad assisted in solving this problem 
of shipment by building two depressed cars, each 
capable of carrying a load of 275,000 Ib. 

It was but another step to build the skeleton frame of 
structural steel as well, and this has been done in the 
latest constructions. This structural design has de- 
creased the weight of the stator another ten per cent, 
and raised the limit of capacity of machines that can be 
built and wound at the factory from 75,000 kv-a. to 
approximately 100,000 kv-a. 


MECHANICAL CONSTRUCTION OF THE ROTOR BODY 


General Conditions of Stress. Working Stresses. 'The 
rotor body is subjected to stresses from three major 
causes: The centrifugal forces, producing radial and 
tangential stresses; the bending forces (gravity and 
dynamical forces), producing longitudinal stresses; and 
the torque, producing shearing stresses. The relative 
importance of these three causes varies with the type 
of machine, but up to the present state of the develop- 
ment only the centrifugal stresses, and the bending 
stresses, have played an important role in limiting rotor 
dimensions. 

The centrifugal forces alone cause critical stresses, 
either in the radial direction at the bottom of the 
teeth, or in the tangential direction at the inner bore. 
The relative magnitude of the former is usually much 
greater than the latter, but when the rotor is made of a 
one-piece forging the latter may be more important 
than the former, on account of the uncertain properties 
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of the material at the inner bore. In the built-up plate 
rotors, where this uncertainty of the material does not 
exist, the radial stress at the bottom of the rotor teeth . 
is the true critical stress. 

This cross section must carry the centrifugal forces 


from the teeth themselves, from the coils, and from the. 


wedges, the latter groups being magnified by the 
wedging effect of the rotor wedges. This magnification 
сап be eliminated almost completely by the use of 
rectangular wedges (Figs. 10A-B), but the gain is offset, 
to a certain extent, by the increased amount of material 
necessary above the wedge. 

The stresses in the coil retaining rings, due to centrif- 
ugal forces, are almost exclusively tangential so that, 
although the nature of the design demands a very 
high stress in these rings, there is less difficulty in 
establishing the actual stresses. in the coil retaining 
rings than in the rotor body; and the selection of a safe 
working stress is easier. 

The bending stress in the various parts of the rotor 
body is alternating and for this reason very important, 
even if the value of the stresses, in comparison with the 
centrifugal stresses, is small. The building of long 
rotors, necessitating higher values of. these bending 
stresses, has further accentuated this problem. Before 
the rotor length increases of the last five years had taken 
place, the maximum bending stress occurred at some 
part of the shaft near the bearings, and the bending 
stresses in the middle body were very small. The 
gradual lengthening of the rotors has changed this 
situation somewhat; the bending stresses near the- 
bearings have not been reduced, but the bending 
stresses in the middle body are now of the same order. 

This is particularly true of the one-piece rotors where 
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circumferential grooves are turned down to the bottom 
of the slots to provide radial exhaust ducts from the 
axial air passages. This increases the bending stresses 
and causes stress concentration. Probably the most 
important aspect of these bending stresses in the middle 
body of solid rotor forgings is the fact that they exist 
in conjunction with a certain tangential centrifugal 
stress. This introduces a two-dimensional condition 
of stress, of which one component is variable and the 
other stationary (Fig. 11). The failure of the material 
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is dictated by the extreme value of shear stress in the 
plane of maximum shear. In this plane the stress 
conditions may be considered as consisting of an average 
Stress, upon which is superimposed a variable stress. 
(Fig. 12.) By this reasoning the state of stress is 
reduced to a form, for which failure can be predicted in 
terms of the properties of the materials in pure tension. 
In the built-up plate rotors, air outlets can be pro- 
vided without material reduction in the section 
modulus, so that the longitudinal bending stresses and 
the tangential stresses do not occur at the same points. 
In these rotors the critical bending stress will probably 
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Fic. 11—Two-DIMENSIONAL STRESS APPLICATIONS 
occur at the sections next to the middle body (under the 
end windings) for rotors of great length. Here the 
tangential stresses due to centrifugal forces are small, 
so that the application of stress is practically one- 
dimensional, with complete reversals. 

The question of safe working stresses is a nat im- 
portant one, both from the point of view of safety and 


Fic. 12—STRESss CYCLE 

economy. A great deal of progress has been made but a 
number of features still remain under discussion. The 
scope of this problem comprises not only the considera- 
tions of the practical designer, and the results of the 
theory of elasticity, but also the point of view of the 
metallurgist, and it is only through complete co- 
ordination of these three branches of engineering that 
a satisfactory point of view can be attained. The 
following represents the attitude taken by Westing- 
house engineers at the present time: 

In cases of steady stress in ductile materials, the 
yield point is regarded as the fundamental basis for the 
selection of the working stress. The factor of safety is 
thus expressed as the ratio of the yield point of the 
material, to the stress. The failure of the material at 
the yield point is caused by shear (maximum shear 
theory), so that in cases of combined stresses the maxi- 
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mum shear stress is the determining factor in expressing 
the factor of safety. Conditions of stress concentration 
are generally disregarded for all cases of steady stress 
in ductile materials. 

In cases of variable stresses in ductile materials, the 
endurance limit for complete reversals is regarded as 
the fundamental basis for the selection of the working 
stress, and the factor of safety is expressed as the ratio 
of the endurance limit to the maximum value of the 
alternating stress. Failure is attributed to maximum 
shear in this case also, but here it is necessary to intro- 
duce the conditions of stress concentration, so that the 
working stress must be expressed as the maximum 
stress existing at any point of the structure. This 
stress is generally two to three times that calculated by 
elementary formulas. 

In cases of combination of a static stress, and a 
variable stress, (Fig. 12), the available experimental 
results’ are used with certain modifications. It has 


10,000 


STEADY WORKING STRESS S, 
з 


Г 
Пп ATEMD ЕЕ 


04 0.5 
КАТЮ ОР сеа. STRESS 10 s EADY STRESS $, 


13—ExAMPLE OF WORKING STRESSES FOR SIMULTANEOUS 
APPLICATION OF STEADY AND VARIABLE STRESS 
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been found that these experimental results are applied 
in a logical manner if the actual factor of safety is 
regarded as the combination of an imaginary factor of 
safety по, existing when the static stress is acting alone, 
and another imaginary factor of safety n,, existing when 
the variable stress is acting alone. The actual factor of 
safety n, is then expressed by the relation 


1 1 1 


n No Ny 


In this manner it is possible to define the maximum 
static stress, which can be applied when its exists in 
conjunction with a certain variable stress. Fig. 13 is 
an example of such a curve of working stresses for a 
314 per cent nickel steel. 

It is evident from the above that the only material 
properties, upon which the designs are based, are the 
yield point and the endurance limit. 

This by no means implies that the remaining proper- 
ties of the materials (ultimate strength, elastic limit, 
elongation, reduction of area, and impact tests are left 


5. See, for example, Timoshenko and Lessells, ‘‘Applied 
Elasticity,” p. 477. 
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out of the picture); the consideration of some of these 
quantities is equally vital to the soundness of the design, 
but unfortunately, it is only in a qualitative manner 
and they find expression in the design proportions and 
in the material specifications. 

Probably the most important of these “qualitative” 
considerations are those which refer to the ductility and 
toughness of the materials. The elongation, measured 
on two-in. gage length, is still the chief element in this 
connection, but, since the distribution of the flow in the 
test piece does not find its expression in this term, it is 
equally important to consider the reduction of area, 
which expresses the maximum value of the unit elonga- 
tion when failure occurs. But even these two terms in 
conjunction give insufficient information about the true 
cohesive properties of the materials; these are expressed 
by the impact test on notched bars. The controversy 


among metallurgical experts on the true value of the 


impact test still makes the designer hesitate in placing 
implicit faith in the impact test values, but there is very 
little doubt that they will play an important role in the 
future. At the present time the chief value of the 
impact tests is to furnish a check on the uniformity of 


Fic. 14— LONGITUDINAL SECTION OF PLATE ROTOR 
the heat treatment of the material, not readily obtained 
by any other method. 

The present attitude of the designers is to place the 
lower limit of the elongation of the materials in the rotor 
body at about 20 per cent, and the reduction of area at 
about 40 per cent. These limits have been established 
by experience, and when the arbitrary nature of the 
constants (particularly the elongation) is considered, 
there is a certain justice in raising the question whether 
these limits really do represent the lowest safe values 
that can be used. The question is not without its 
importance because the above limits represent the chief 
obstacle in obtaining one-piece forgings for large rotors. 
On the other hand, the risk is too great to propose 
radical changes in these limits until more knowledge is 
available. | 

A similar situation exists in connection with the 
location of the test pieces on solid rotors. "The attitude 
of Westinghouse engineers with regard to solid forgings 
is to judge the quality of the material by radial, tangen- 
tial, and longitudinal test specimens. This severe 
specification again adds to the difficulty of obtaining 
large one piece forgings, but in view of the statements 
above on the principal stresses in the rotor, it does not 
seem wise to modify this demand. 

The designer who desires to employ very large 
forgings is faced by difficulties. He can insure reason- 
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able safety by specifying complete radial, tangential, and 
axial tests and by maintaining fairly high limits for 
elongation and reduction of area; the result will be a 
high price for the material; or he can buy on routine, 
material specifications and assume the liability for the 
cost of unsuitable forgings. 

The Westinghouse Plate Rotor. The limitations of 
one piece forgings for large rotors were anticipated at 
an early date by the Westinghouse Co., and their 
present construction was originated by Behrend and 


Еа. 15—ARRANGEMENTS OF THROUGH BoLTS 


Fields* over eighteen years ago. It will be referred to 
as the plate rotor. 


The rotor consists of two forgings A, (Fig. 14), which 
furnish the shaft ends, and a certain small portion of the 
middle body. The remainder of the middle body is 
made up of plates, B, which in the earlier constructions 
had a thickness of about two in. In some of the latest 
designs, plate thicknesses up to 8 in. have been used. 
These plates are spigoted into the end forgings, and into 
each other, so that adequate centering is obtained. 
The portions of the plate inside this spigot-fit are 
relieved, so that only the outer portions of the plates 
carry pressure. The entire structure is held together 
by through bolts, C, tightened to give a certain initial 
pressure. The number of bolts is four for two- and four- 
pole machines, the extra pair of bolts in the former 
(usually 25-cycle machines) is placed in the center of the 
slotted portion (Figs. 154, 15B). Six pole machines 
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16—Loap CONDITIONS ом Cross SECTION OF PLATE 
ROTOR 
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have six bolts, placed in the centers of the poles. Fig. 
15c. 

In order to appreciate the possibilities and advantages 
of this construction, it is necessary to discuss the 
fundamental principles of its performance. 

Fig. 16А shows schematically the loading conditions 


6. Some Difficulties of Design of Turbine Generators, A. B. 
Field, Jr. A. I. E. E., Vol. 54, 1915, p. 65. 

B. A. Behrend, Trans. A. I. E. E., Vol. 36, 1917, (Discussion) 
p. 883. 
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on a section of the rotor, when no external bending 
moment is acting. The compressive stress of the 
plates, S,, counterbalances the tensile stress of the 
bolts, S;, so that if A, and A, are the respective areas 
(Figs. 17, 18) it is necessary that 
A, 
A, 
Fig. 16B represents the loading of the same cross- 
section when it is subjected to an external bending 
moment M. The compressive stress on the plates is 
now increased by S,’ at the top and decreased by the 
same amount at the bottom. The stress of the top 
bolt has been reduced by S+’, and that of the bottom 
bolt increased by the same amount. The stresses of 
the other two bolts have not been changed materially. 
It is evident that one of the most important limitations 
of the structure is that the diminution in stress of the 
plates and the bolts must not reduce the stress to zero 
at any point, otherwise a condition of discontinuity will 
occur. It was found in the earliest applications of the 
structure, however, that there are no difficulties in 
securing this condition. Asa matter of fact, no ma- 
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Fies. 17 AND 18—PrATE AREA AND BOLT AREA 
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chine has been constructed where the variation in plate 
stress exceeded 20 per cent of the initial stress, or the 
variation in bolt stress exceeded 4 per cent of the 
initial stress. 

It is evident from Fig. 16B that the external bending 
moment M is counteracted by two internal moments, a 
moment froin the plates, which will be denoted by М,, 
and another from the bolts, which will be denoted by 
M.. Both of these act in the same direction, so that 
the rigidity of the rotor depends upon both the plate 
area and the bolt area. 

In order to determine the rigidity accurately, it is 
necessary to take into account the variation of the 
external bending moment along the length of the rotor. 
It has been found, however, that it is sufficiently 
accurate to assume that the bending moment is con- 
stant for the entire middle body, that is, for the entire 
length of the bolt. With this assumption it is easy to 
compute separately the extension of a bolt, and the 
extension of a corresponding fiber in the plate column. 


The values of the bending moments М, and M, are : 


obtained from the fact that these extensions are equal. 
The plate stress, at the radius R, is M,/I,. Rs, where 
I, is the moment of inertia of the plate area (Fig. 17). 
The extension of a fiber along the middle body of length 


HENDERSON AND SODERBERG 


Transactions A. I. E. E. 


a is consequently M,/EI, X Ry х a. The modulus 
of elasticity E is that of the plate column; so long as the 
compressive stress exceeds about 5000 Ib. per sq. in., 
this has been found to be the same as that of the 
plate material. 'The extension of a bolt is similarly 
M,/E I, X R X a where I, is the moment of inertia 


of the bolt area (Fig. 18). Consequently 
I, 
М, = -p-.M, 


Now, since M, апа М, counteract the external bending 
moment 


M = M, + М 
so that 
I, 
Т, 1 
M, = dM, = M ——————— 
: ЛИ ЖЕ 9 "TET, 


For the ordinary four-pole machines, J, Z8 I.s, so 
that the bending moment carried by the bolts is 
actually very small; about 11 per cent. The bolts 
furnish mainly the static pressure between the plates. 
As a matter of fact, a bolt configuration having practi- 
eally no bending rigidity of its own, such as the case 


- of a single bolt in the middle, would be entirely practical 


from this point of view. The only difference would 
be that the plates would then carry the entire bending 
moment, that is М, = M. ` 

The actual deflection that is obtained under the 
external bending moment M is now easily calculated. 
For simplicity we may calculate the actual extension 
of a bolt, or a fiber of the plates at the radius R,. This 
is 


I, 
M, M 1, 
EI, *%X*= Ет, Х "Ves 7 Хах Ry 
1, 
М 
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showing that the rigidity of the rotor is determined by 
the moment of inertia of the plate area, plus that of the 
bolt area. "This is an important feature of the plate 
rotor, in that the rigidity is not reduced by cutting out 
the holes for the bolts. In cases of very large varia- 
tions of the bending moment over the rotor length 
(very long rotors), this statement must be modified 
slightly; but the error in using the entire plate area, 
including the bolt holes, in computing shaft deflec- 
tions, is never more than about 2 per cent. 

It is evident from this that the critical speed of a 
plate rotor is practically the same as that of a solid 
rotor having the same effective area. In view of the 
practise of turning circumferential grooves in the solid 
rotors for ventilation purposes it may even be said that 
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the plate rotor, for the same ventilation arrangement, 
furnishes greater rigidity than the solid rotor. 

From this fact it follows that the variation in stress, 
to which the bolts are subjected, is also very small. It 
is evident that the variation in bolt stress is exactly the 
same as that of a corresponding fiber of a solid rotor of 
the same cross-section. This stress is always very 
small,—it is only in the very longest rotors that it 
reaches 1000 Ib. per sq. in. If it is remembered that 
the assembly stress is usually about 40,000 Ib. per sq. 
in., it will be understood why this stress variation can 
be neglected. 

The variation in plate stress is somewhat larger, but 
even this is negligible. The maximum bending stress 
of the middle body, recorded so far, is about 1500 Ib. 
per sq. in., while the assembly stress is usually above 
8000 Ib. per sq. in. 

The theory has been advanced several times that the 
plate rotor would furnish appreciably damping to vi- 
brations, due to friction between its parts. Itis evident 
from the above that the only friction occurs between the 
bolts and the plates, and only when the bending 
moment varies an appreciable amount over the middle 
body. Special tests have been made to determine this 
difference in damping between a solid rotor and a plate 
rotor, but no such difference has been observed. In 
fact, cases are on record where the internal damping of 
a plate rotor was less than that of a solid rotor of the 
‚ same size. Nor has any change in plate rotors been 
observed in this respect after several years of service. 

As a conclusion to the above discussion of the 
mechanics of the plate rotor, it can be stated that the 
plate rotor does not possess any limitations to Increases 
in rotor length other than those furnished by the limi- 
tations of shaft deflections and critical speeds. In this 
respect, it is on par with the solid rotor. Its inherent 
advantages are due to the possibility of using high 
grades of steel, independently of the size of the rotor 
body, and the better possibilities of rotor ventilation. 

Development of Rotor Materials: Large One-Piece 
Forgings. The attitude of the manufacturers with 
regard to the relative merits of one piece forgings and 
the sectional constructions has undergone important 
changes in the last two or three years. It is only a 
short time ago that most turbo designers were con- 
vinced that a satisfactory one-piece forging could be 
obtained for any of the rotor dimensions within sight, 
if the price were forthcoming. The latest advances 
in the size of individual units has changed this con- 
dition; the present maximum sizes of rotors can no 
longer be built of one-piece forgings, regardless of price 
and specifications. 

The development of the plate rotor has been brought 
to a point where it is competitive in price even for rotors 
of about 75,000 lb. in weight; so that the conclusion 
that a plate rotor is necessarily more expensive than a 
one-piece forging is no longer true. 

The art of making large one-piece forgings will con- 
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tinue in its development, however, and a few advances 
may easily upset these relative positions. "Then, too, 
the plate rotor demands forgings of a respectable size 
for the shaft ends, so that no manufacturer of large 
turbine generators can afford to be out of touch with the 
forging situation. It may be of interest, therefore, to 
review very briefly some of the problems encountered in 
preparing a one-piece rotor forging for a 37,500-kv-a. 
generator, weighing about 130,000 Ib. 

The first forging attempted for this machine, was 
brought through in 19283. The ingot was cast from 
three heats of varying carbon content; the bottom heat 
having 0.45 per cent, and the top heat 0.29 per cent. 
The ingot weighed 217,000 lb., and a top discard of 
79,000 Ib. was made before forging. 

After the forging operation it was given a heat 
treatment consisting of 1600 deg. fahr. normalizing heat, 
followed by lower temperature treatments. 

At this stage, tangential tests, taken from the ends, 
showed a yield point of 31,000 to 33,000 lb. per sq. in., 
an elongation of 10 to 19 per cent, and a reduction of 
area of 12 to 30 per cent. This was unsatisfactory, and 
two additional heat treatments were undertaken with 
somewhat higher normalizing temperatures, after which 
a complete series of tests was made in the radial, tan- 
gential, and longitudinal directions. All test pieces, 
with the exception of one, showed satisfactory properties, 
with elongation above 20 per cent and reduction of area 
of about 40 per cent. The exception was a tangential 
test from the top end of the forging; it gave a yield 
point of 44,000 Ib. per sq. in., an elongation of 9 percent, 
and a reduction of area of 11 per cent. 

When the forging was turned, subsequently, con- 
centrations of slag pockets were observed near the first 
shaft fillet on the top end of the forging. The forging 
was rejected on the strength of this discovery, and 
subjected to a series of tests. The slag pockets were 
found to extend into the forging, and a chemical 
analysis established that carbon segregation had taken 
place. The carbon content at the top end of the 
forging was found to be 0.62 per cent, and at the bottom 
end, 0.26 per cent, showing a reverse condition from 
that in the ladle analysis. 

A second one-piece forging for the same size of 
machine was brought through in 1925. In the prepara- 
tion of this forging special care was applied throughout, 
and the pouring into the ingot was made with basic 
steel at the bottom, and acid steel at the top. The 
ingot was not allowed to cool below a cherry red heat, 
before which it was transferred into the forging furnace. 
Special precautions were taken in the forging operation, 
such as v-tooling before necking, and a very careful 
adjustment of the reductions obtained in each operation. 
The heat treatment consisted of a high normalizing 
heat of 1750 deg. fahr. followed by additional lower 
temperature treatments. One important improvement 
was hollow boring of the forging before the final heat 
treatment, not only to facilitate bore search, but to 
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procure greater uniformity of temperature and faster 
penetration of the heat. 


The test results showed uniformly satisfactory 
properties in the three directions with a yield point of 
about 30,000 Ib. per sq. in., an elongation of about 
32 per cent, and a reduction of area of about 55 per cent. 
The endurance limit was found to be about 27,000 1b. 
per sq. in. 

It is evident that perfectly reliable forgings can 
be obtained only through the application of the greatest 
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Fig. 19—FoncaGEDp AND ROLLED TURBO PLATES 
care and the utilization of the latest advances. The 
performance related for the second forging has been 
repeated subsequently on smaller forgings, but this 
special treatment raises the price to a point where 
 one-piece forgings cease to be competitive with the 
plate construction. | 

The question of test procedure is of vital importance 
in this connection. If the demand on ductility can be 
waived, particularly for the tangential direction, the 
price of one-piece forgings can be reduced considerably, 
and it may be possible to raise the yield point. 
Whether this can be done without too much risk, is a 
question which must remain open until more knowledge 
of the factors which contribute to failures are available. 


Materials for Plate Rotors. The earliest.constructions 
were made up of 234 in. rolled plates, machined to a 
thickness of 2in. The material was rolled out in slabs, 
large enough to give six rotor plates with ample discard 
on the sides and on the ends. The material was 30 
per cent carbon steel with a yield point of about 40,000 
lb. per sq. in., elongation of about 26 per cent, and a 
reduction area of about 45 per cent.. The material 
itself was fairly inexpensive, but the machining cost was 
high on account of the great number of surfaces in a 
rotor. The directional alignment of the structure, due 
to rolling, was pronounced, so that certain variations 
in ductility were obtained parallel to, and at right 
angles to, the direction of rolling. In addition, it 
sometimes possessed considerable internal stresses. 
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A nickel steel (about 314 per cent' Ni) was used in a 
number of machines, where it was desirable to have a 
yield point somewhat higher than that of the carbon 
Steel. 

The development of a thicker plate material, having 
a more favorable structural alignment, was started a 
few years ago by W. J. Merton. 


The first attempts consisted in obtaining a plate 
which was pressed out from a cylindrical ingot and sub- 
sequently rolled out in a tire mill, (Fig. 19). Probably. 
the most important advancement in the new practise 
was a heating of the disks above forging temperature, 
followed by a normalizing treatment, and then by an 
annealing, relieving the internal stresses. The im- 


. portance of. this heat treatment is seen from the fact, 


that while the plate, as rolled, had an elongation of - 
four per cent and a reduction area of 8 per cent, after 
the final treatment these values were brought up to 
20 per cent and 36 per cent, respectively. The yield 


point remains practically unaltered, at about 46,000 


Ib. per sq. in. 
. By this method it was possible to produce carbon 


Fie. 20—Micno РнотоскАРНЗ oF New PLATE MATERIAL 


steel plates of a thickness up to about 8 in., having in 
some respects properties superior to the flat rolled 
plates, at a price only slightly higher than that for the 
flat rolled plates. The increase in price was more than 

offset by the reduction in machining. | 


The next step in the improvement of' the plate 
materials was obtained by piercing the pressed disk 
and carrying out the remaining operation by forging on 
a mandrel, instead of rolling. The heat treatment 
eonsists of a thorough annealing above finish-forging 


7 W.J. Merton, Ameriean Society for Steel Treating Ninth 
Annual Convention, Sept. 1927. 
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temperature, a reheating and quenching in water, 
and then additional reheating for drawing. 

By this process it has been possible to obtain a yield 
point of about 65,000 lb. per sq. in., an elongation of 
25 per cent, and a 50 per cent reduction of area in disks 
of 0.45 per cent carbon steel. The properties in the 
tangential and -radial directions are practically the 
same, and the material has an extraordinarily fine grain 
structure, as shown in Fig. 20. The micro-photographs 


Fic. 21—Heat TREATED Rotor STEEL Disks 

(from which the figure was made) were taken from 
three different plates. Fig. 21 gives an external view of 
one of these plates after rough machining. 

The development of this material represents a most 
important contribution of the metallurgists to the 
solution of the problem of designing these extremely 
large size units. Its use has enabled the designer to 
maintain ample factors of safety, to increase the output 
from a rotor of given over-all dimensions (because 
of superior strength of the material), and to lower the 
over-all cost. 

It is not possible, so far as the authors know, to 


obtain material of this quality, in carbon steel forgings | 


for large size rotors (over about 75,000 Ib.), at any price. 
The possibility of obtaining it at a low price makes the 
plate rotor of even greater attraction to the designer 
than heretofore. | | | 

The development of the materials for the end forgings, 
may be regarded as a part of the development of solid 
forgings; although the problems in the shaft ends are 
not as accentuated as in one piece forgings, due to the 
relatively small size. 

The bolts form one of the most vital elements of the 
plate rotor, and the selection of bolt material is of 
paramount importance. 


The usual material up to a few years ago, was 
chrome-nickel steel, having a yield point of about 
100,000. 1b. per sq. in., an elongation of 20 per cent, and 
a 50 per cent reduction of area. This was superseded 
by a. molybdenum-nickel steel, having somewhat 
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higher yield point and reduction of area. The real 
virtues of the molybdenum-nickel alloy, however, have 
been attributed to the difference in Izod-impact test, 
which is almost twice as high for the molybdenum- 
nickel steel as for the chrome-nickel steel. 

A similar material is used for the со retaining rings, 
where the demands on stress are of the same order as 
those of the through bolts. A considerable amount of 
development has heen carried out on the problem of 
obtaining satisfactory coil. retaining rings of non- 
magnetic steel. Such steels are in use, but their chief 
objections are high cost and difficulty of machining. 

Problems Encountered in Building Plate Rotors: The | 
Bolt Threads. In most of the present four-pole rotors, 
the bolts have a diameter of 5 in. When it is remem- 
bered that these bolts carry a stress at the root of the 
threads of about 40,000 Ib. per sq. in., and that this 
stress must be maintained indefinitely, it is evident that 
the design and the cutting of the threads call for more . 
than ordinary care. 


The question of stress concentration in the bolts is 
clearly of great importance, because the average stress 
must be maintained fairly high. As usual, in cases of 
ductile materials under. steady stress, the existence of a 
certain stress concentration does not indicate failure 
when the maximum stress reaches the yield point, 
because the yielding itself causes a readjustment of the 
stress. In judging the merits of different types of 
threads, however, the factor of stress concentration is of 
sufficient importance to furnish a reliable aid in select- 
ing the most favorable type. | 

Certain interesting results were obtained in 1925, 
by R. V. Baud, by photo-elastic measurements on 
various types of threads. The threads investigated 
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Fic. 22—Typrs or THREAD 
were Whitworth (somewhat modified), Acme, and 
Buttress threads, (Fig. 22). Table II gives the results 
of these tests in terms of factors of stress concentration. 

The models tested were made to a certain scale from 
the actual threads on a five-in. bolt with four threads 
perin. The factor of stress concentration expresses the 
ratio of the maximum stress obtained by the photo- 
elastic experiments to the average stress, calculated by 
ordinary beam formulas. 
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TABLE II 


Radius of 
fillet inches 


Factor of stress 


Type of thread concentration 


Whitworth............. 0.027 1.75 
Acme b. 63s 0.CO3 2.65 
Асте 2................. 0.013 2.00 
Астез3................ 0.023 1.75 
Acme 4... voe yr 0.045 1.54 
Buttress............... 0.023 2.46 


This eomparison gives very favorable results for the 
Acme type of thread with large fillets at the bottom, 
and this type has been adopted. "The threads in use at 
present are 29 deg. Acme threads with a 0.023-in. 
fillet at the bottom. 

There is another, and more important, source of stress 
concentration in the bolts, which has been investigated 
very thoroughly during the last two years. This 
concerns the distribution of the load on the different 
threads. It is evident that, due to the extension of the 
bolt and the compression of the nut, there will occur a 
certain difference in pitch, which will tend to throw a 
heavier load on the first threads in the nut. In bolts 
of ordinary size and moderate loads this question is 
relatively unimportant, but on large bolts under heavy 
load it may cause serious stress concentration in the 
bolt, near the first threads. 

An analysis of this problem was made for the first 
time in 1925 by S. Timoshenko and J. P. Den Hartog; 
and it was found that if no yielding occurs the load 
distribution on the threads is very far from uniform. 
Fig. 23 shows the results that were obtained for a five- 
in. diameter bolt, cut with Acme threads, four threads 
per in. The length of the nut is seven in., and the 
threads are assumed to be cut with no clearances and 
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equal pitch in bolt and nut. It is evident from this 
result that the major share of the load is carried by 
about six threads from the bottom of the nut. 

Several solutions have been advanced to eliminate 
this condition, among which may be mentioned cutting 
the threads to unequal piteh in bolt and nut, and 
arranging the nut in such a manner that the threaded 
portion is in tension. "These solutions had to be dis- 
carded, however, since they demanded an accuracy in 
cutting the threads which could not be attained even 
with special precision tools. 

Further study of the problem has shown, however, 
that the load concentration on the first threads is so high 
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that yielding will occur. After this yielding has taken 
place, the load is transferred to additional threads, until 
the maximum load can be sustained. "The load distri- 
bution is then of the type shown in Fig. 24. It was 
found that this yielding begins at about 60 per cent of 
the,maximum load. The yielding is very minute 
however, and the actual displacements are of the order 
of machining inaccuracies. 

The most important concrete result of this investi- 
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gation was that it was shown unnecessary to have the 
nut longer than one-bolt diameter; in fact, where 
practical conditions so require, the nut may be made 
considerably shorter than one diameter of the bolt. 

The Problem of Assembly. Before the assembly the 
plates and the shaft ends are machined, and the bolt 
holes drilled. The rotor plates are then stacked, and 
when the stacking is completed, the structure is held 
together by temporary bolts. The bolt holes are then 
reamed and the regular bolts inserted and tightened. 


In the earlier rotors it was customary to tighten the 
nuts by a crane, and record the torque required by a 
seale beam on the crane. This method was found to 
give erratic results, due to variations in the finish and 
lubrication of the threads and seats of the nuts. This 
method was then superseded by determining the bolt 
stress, by the total elongation of each bolt, which 
proved to be quite satisfactory as far as final results 
were concerned. It was comparatively slow, however, 
and in certain cases considerable variations of the 


wrench pull, which could not be accounted for, were 


obtained. 

For these reasons, a special pulling machine was 
developed by G. M. Eaton, whereby it is possible to 
stretch the bolts to their correct stress (and if necessary 
to a certain over stress) before the nuts are tightened 
up. The introduction of this equipment has proved 
to be a very valuable improvement, and the uniformity 
of the results is no less an advantage than the increased 
production. 

The arrangement of this bolt puller is shown in 
Fig. 25. Two bolts, diametrically opposite, are pulled 
up at опе time. The puller is attached to the end of the 
bolts, outside of the nuts, and when the load is raised 
to its specified value, the nuts can be run on by a small 
hand wrench. Тһе actual stress in the bolts is checked 
by the elongation, after the puller is slackened up. The 
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bolts are tightened in steps until the final load is 


reached. After machining, the rotor is again returned 


to the puller, and the bolts are subjected to a temporary 
over stretch, which is left on for a short time, after 
which the load is backed off to normal. 


DETAILS OF RoTOR CONSTRUCTION 


In the present type of machines the maximum rating 
that can be obtained from certain core dimensions is 
limited by the heating of the rotor. There are two 
methods by which this limit can be raised. One is to 
provide more room for copper by deepening, or widen- 
ing the slots, or by changing the insulation arrangement. 
Changes in slot dimensions, within the limits set by 


saturation of the rotor teeth, сап be obtained only by . 


the introduction of better rotor materials. The other 
is to improve the rotor ventilation. The developments 
of the last years have been concerned with both of these 
methods, but the most important change has been 
accomplished by improving the rotor ventilation. 

The problem of rotor cooling is a most difficult one, 
` because of the difficulty of studying the actual condi- 
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tions with the rotor in motion. "This problem is being 
investigated by the use of stationary and rotating 
models, and it is expected that the results of these 
investigations will throw further light on the rotor 
ventilation phenomena. 


One of the most important advantages of the plate 
construction lies in the possibility of obtaining radial 
ducts between the plates, communicating with the 
axial ducts. For this reason the rotors of Westinghouse 
generators have always been cooled by air circulated 
through the body. Fig. 26 shows the original arrange- 
ment of this system of rotor ventilation. The axial 
vent ducts are cut at the bottom of the slots, and com- 
municate with the air gap through radial ducts, which 
are milled out of the rotor plates before assembly. 

The introduction of rotor plates with a large central 
bore made possible a modification, which will increase 
the volume of air going through the rotor. Fig. 27 
shows a cross-section through one of the rotors with the 
modified system of ventilation. Oblique holes are 
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. drilled in the shaft ends before*they are assembled with 


the plates. These holes carry a part of the cooling 
air to the center of the rotor. -The remainder is carried 
through axial holes through the teeth in the end portion 
of the rotor. Radial slots are cut down along each 
rotor tooth before the plates are assembled, and these 
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slots serve to discharge the air from the center of the 
rotor. In this construction there is no change in 


- direction of the air at high velocities and, therefore, 


the pressure drop is decreased. In the older design it 
was necessary to provide a steel cell in the slots to 
protect the mica lining where the coils were adjacent 
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Fig. 27—Mobpiriep SYSTEM or Коток VENTILATION 
to the air ducts. In the improved construction, the ~ 
steel cell can be omitted and the corresponding space 
made available for copper. With the plate construc- 
tion it is thus possible to obtain a cooling system without 
resorting to drilling a number of radial holes in the 
teeth. The arrangement of the end windings has been 
subjected to considerable development. 

In the earlier constructions the coil retaining ring, 
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Fig. 28, was assembled on the end plate, at A, and on 
the rotor body, at B, with an ordinary iron-to-iron, 
fit without shrink allowance. The end plate was 
usually put on the shaft, at C, with a slight press fit. 
The insulation under the retaining ring consisted of 
two layers of mica each 1/16 in. thick. 
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It is evident that this insulation has an unusually 
heavy duty to perform, being subjected to a continuous 
pressure of over 5000 Ib. per sq. in., in certain cases; to a 
high temperature; and to frequent shearing action, due 
to expansion and contraction of the coils. In 1923, 
looking ahead to these larger units, a new insulation was 
developed, consisting of channels made of molded 
asbestos, which were put over the coils, and the retain- 
ing ring was lined with the same material. A series of 
tests was made to investigate the properties of the new 
insulation, by subjecting it to approximately the same 
cycles of pressure, temperature, and shearing action as 
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in the actual rotor. It was found that while the old 
insulation broke down under 365 temperature cycles, 
the new insulation was still intact after being subjected 
to 1800 heat cycles.® | 

Аз the size of the individual units increased, and it 
was necessary to raise the stress in the coil retaining 
ring, it was found that the expansion of the retaining 
ring under this stress amounted to as much as 0.050 
in. on the larger units. Naturally, with this expansion 
the centering of the retaining ring was no longer ade- 
quate, and the eccentric displacements that were 
possible were great enough to affect the balance of the 
rotor to an appreciable extent. 

The logical solution for this difficulty would be to 
provide shrink fits at A B and C, (Fig. 28); and deter- 
mine the shrink allowance in such a manner that the 
fits would have a certain necessary minimum pressure 
at the over-speed. It is evident, however, that, since 
the retaining ring then forms a rigid extension to the 
rotor body, most of the bending rigidity of the rotor 
between the planes A and B would be provided by the 
retaining ring and thus cause very heavy reactions on 
the end plate, and on the fit at C. It was found that 
these reactions were great enough to disrupt the shrink 
fit at B, and cause the ring to work loose. In order to 
provide for this possibility, the fit at A, between the 
retaining ring and the end plate, has been made loose, 
with a clearance great enough to absorb the differential 
deflection of the rotor between the planes A and B. 
The end plate is shrunk on the shaft, and furnishes a 


8. ‘‘Trends in Turbine Generator Development," by Е. D. 
Newbury, Electric Journal, July, 1927, p. 334. 
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rigid base for application of balance weights, and for 
attachment of the fan. 

A further modification of this design is shown on 
Fig. 29, where the end plate has been left entirely clear 
of the shaft. Heavy shrink fits are provided at both 
A and B, and the fits are made with retaining flanges to 
prevent the ring from coming loose under the influence 
of centrifugal forces from heavy balance weights in 
the end plates. This construction is ideal, in that it 
completely eliminates the disturbances due to weaving 
of the retaining ring, and it furnishes an unobstructed 
passage for the air into the rotor. 


It was thought at first that the practise of shrinking 
the retaining ring on the rotor and on the end plate 
would cause very large reactions on the fits at stand 
still. Itis true that if the entire radial force of one of 
the large retaining rings had to be supported by the fits, 
It is a 
fortunate incident, however, that the retaining ring 
assumes an hour-glass shape at stand still, so that the 
major part of the radial force is eliminated by contrac- 
tion in the middle. 

The eurves in Fig. 30, illustrate this condition for 
the size of retaining rings used on 1800-rev. per min. 
machines. It is seen that if both ends of the ring are 
shrunk on a solid piece, the middle contracts about 
80 per cent of the shrink allowance. On the smaller 
retaining rings for 3600-rev. per min. machines the 
middle actually contracts to a smaller diameter than 
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that given by the unstressed state. When one end is 
shrunk on, only about half of the ring is affected. Asa 
result of this, the reactions on the fits at stand still are 
actually about 25 per cent of the full radial force. 


This condition produces another important advan- 
tage, in that it is possible to press on the rings cold, with 
reasonable press capacity; about 750 tons being suffi- 
cient for the largest rings made so far. 

The problem of constructing internal fans has become 
increasingly difficult for the great amounts of air 
required for these rotors. A new type of fan with 
axially curved blades was developed by C. J. Fech- 
heimer in which the bending stresses on the blades, 
caused by centrifugal forces, were modified into tensile 
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and compressive stresses, (Fig. 81). With the use of 
this fan it is possible to equip 1800-rev. per min. ma- 
chines of 75,000-kv-a. rating with internal fans. 


CRITICAL SPEEDS 


Earlier Conceptions and Design Limitations. The 
problem of critical speeds in the rotor structure has 
played a peculiar role in the development of turbo 
generators; and its influence in placing limitations on 
the rotor dimensions represents a striking example of 
the fact that complete absence of theoretical analysis 


Fic. 31—NeEw CONSTRUCTION or INTERNAL BLOWER 
is sometimes to be preferred to unreserved faith in the 
results obtained by a faulty or partial analysis. 

In the early stages of the development it was generally 
considered impossible, or at least undesirable, to run the 
machine through any of its critical speeds, and the rotor 
proportions were definitely limited by the demand that 
the calculated critical speed must be well above the 
operating speed. The gradual enlargement of 3600- 


rev. per min. units soon made it necessary to readjust · 


this conception, and De Laval’s demonstrations of the 
 self-centering properties of a flexible shaft furnished 
proof of the practicability of running through the critical 
speeds of the rotor without danger. This demonstra- 
tion was made about 30 years ago, and the theoretical 
explanation of the phenomenon followed soon after; 
but it took considerable time before this idea was ac- 
cepted by practical designers. Thus it is not more than 
about 15 years ago that the practise of designing 3600 
and 3000 rev. per min. machines to run through the 
lowest critical speeds was firmly established. 

At that time there was considerable hesitancy on the 
part of the designers to extend this reasoning to four- 
and six-pole designs, primarily because the demand for 
large units in these types was not yet sufficiently great. 
It is certain, however, that the old conceptions of the 
danger of critical speeds played an important role in 
retarding the natural expansion of the low speed units. 
When the demand for large units became sufficiently 
strong, this barrier was finally broken down, and about 
five years ago the Westinghouse E. and M. Co. no 
longer felt hampered in the extension of large units to 
sizes where it was necessary to run through the first 
eritical speed. 
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Influence of the Flexibility of the Bearing Supports. 
As the numbers of units in active service increased, the 
troubles due to vibrations gradually began to form an 
appreciable portion of the expense of installing and 
bringing these large machines into satisfactory opera- 
tion. A survey of these troubles brought about the 
surprising result that the large units, operating well 
above the first critical speed, generally caused less 
vibration troubles than the smaller units of a similar 
design, believed to operate below the first critical 
speed of the rotor. Vibration tests on a number of 
units of the latter type disclosed the fact that the first 
critical speed of the rotor, when mounted in its actual 
bearings, may be far below its calculated value. In 
certain cases the critical speed was found to be less 
than one-half the value predicted by calculations of the 
rotor, while in others it was found very near the operat: 
ing speed. | 

The quantitative influence of flexibility of the bearing 
supports is most easily understood by considering the 
simplest case of a single concentrated mass on a flexible 
shaft in two supports. It is a well known fact that the 
eritical speed of this arrangement corresponds to the 
natural frequency of lateral vibrations in one plane. 
Thus, if the shaft deflection under the influence of 
gravity is yı, the critical speed, N., corresponds to the 
natural frequency in cycles per min. of a mathematical 
pendulum of length y, that is 


The stator deflection of the rotor has no other signifi- 
cance than that of being a measure of the flexibility of 
the shaft. The critical speed remains the same whether 
the shaft is rotated in the vertical or horizontal position, 
in fact it would remain unchanged if the intensity of 
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the gravitational attraction were changed, or if it dis- 
appeared altogether. 

As far as the natural frequency of vibration is con- 
cerned it is immaterial whether the elastic static de- 
flection occurs in the shaft itself or in elastic members in 
its supports. We may thus consider the rotor deflection 
as made up of two components; y; due to the flexure 


` of the shaft itself, and y; due to the flexure of the bearing 


supports (Fig. 32). The critical speed is then 
N. = 187.7 т к ЖЕ рег тїп. 
Yı + Vs 


It is evident at once that this critical speed is lower than 
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that obtained for the rotor in rigid supports; the reduc- 
tion being dependent upon the relative magnitude of 
yı and у». 

It is thus a fairly simple matter to obtain an approxi- 
mate value of the critical speed when the bearing 
supports are flexible. The actual conditions of motion 
of the rotor body are quite complicated, however, and 
several aspects of the problem are not fully known. 
This applies particularly to the case when the bearing 
supports have different flexibilities in the horizontal 
and the vertical directions. The information available 
at the present time indicates that the natural fre- 
quencies in the direction of maximum and minimum 
flexibility give the critical speeds with sufficient ac- 
curacy. This result must be considered in the nature 
of an empirical result. Ordinarily, the maximum 
flexibility occurs in the horizontal direction. Thus, 
most two-bearing machines will be found to have two 
critical speeds, both somewhat below that calculated 
for the rotor in rigid supports. Fig. 33 shows the 
general speed-amplitude curve that is obtained from 
one of the bearing supports of an arrangement of this 
kind. Experimental curves of this nature form one of 
the most important means for scientific analysis of 
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vibration problems. Such curves will be referred to as 
resonance curves. 

The reduction in critical speed due to flexibility of the 
bearing supports is most marked for machines with a 
high critical speed of the rotor on rigid supports. It is 
evident from the above formula that, even if the shaft 
deflection y;, could be reduced to zero, corresponding to 
an infinite value for the critical speed of the rotor in 
rigid bearings, the actual critical speed, now determined 
by y: alone, may still fall below the operating speed. 

This is actually the case for most machines in the 
1800-rev. per min. class, having a rotor weight over 
approximately 50,000 lb. With the most sturdy design 
of the bearing supports, which have been used so far, 
it has been found that the actual critical speed can- 
not be brought above about 1900 rev. per min., no 
matter how rigid the rotor structure. For rotors of 
this type, having a calculated critical speed of about 
2400 rev. per min., the actual critical speed will usually 
fall around 1200 rev. per min. A similar situation 
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exists with machines of the 3600-rev. per min. class, 
when the rotor weight exceeds about 5000 Ib. Here the 
possible upper limit of the critical speed is about 3200 
rev. per min. 

Thus, while the designer may be able to control the 
rigidity of the rotor structure to a certain extent by 
changes in the rotor proportions, he is usually not able 
to influence the rigidity of the bearing supports to any 
appreciable extent. The natural limitations of the 
construction of the stationary parts, and the materials 
involved, prevent inereases beyond certain limits. 
In addition, the oil film in the bearings provides a 
certain unavoidable flexibility. The available informa- 
tion on the subject of elasticity of oil films is very scant, 
but those investigations that have been made? indicate 
that the oil film can be considered as a mechanical 
spring interposed between the shaft and the bearing. 

So far, the discussion has been restricted to the 
fundamental mode of motion of the rotor, and no 
reference has keen made to the complications arising 
from the fact that most machines are operated in more 
than two bearings. The influence of the bearing 
flexibility upon the second critical speed of the rotor 
is similar to that of the first, but the lower limits of 
critical speeds are considerably higher. In the largest 
machines under construction at the present time the 
second critical speed of the rotor is of major importance, 
and it has been found that a reduction of about 30 per 
cent, from the value calculated for rigid bearings, must 
be considered. The conditions in multiple-bearing 
machines, with rigid couplings, are somewhat more 
complicated but the problem is susceptible of theoretical 
analysis, the only difficulty being in fixing values for the 
flexibility of the bearing supports. 

It is evident from the above that critical speeds above 
the operating speed of 1800 rev. per min., as well as 
most 3600-rev. per min. machines, are practically 
impossible of realization; notwithstanding the fact that 
purchasers of electrical machines frequently include a 
clause of this nature in their specifications. 

The General Foundation Problem. The flexibility of 
the bearing supports is only one of the factors that 
cause the great discrepancy between calculated and 
observed critical speeds. A fully satisfactory perspec- 
tive of the situation is obtained only when the entire 
unit, with its foundation, is treated as one problem. 
It is here that the real limitations of mathematical 
analysis come to light, and the machine designer is made 
to feel the true importance of intuitive judginent and 
good luck. 

In order to arrive at an understanding of the 
mechanics of the systems that are obtained when the 
entire machine, with its foundation, is treated as a unit, 
it is necessary to represent the system by a dynamical 
model, where the dynamically essential features are 


9. Stodola, Schweizerische Bauzeitung, May 23, 1925. 
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emphasized, and the non-essentials hidden. Such 
a dynamical model must be constructed separately for 
both the vertical and the horizontal directions, but the 
difference is usually only in the magnitude of the various 
system constants, and not in the arrangement. 

Fig. 34 illustrates a typical layout of a foundation for 
an 1800-rev. per min. machine; and Fig. 35 represents its 
dynamical model. 

It is unnecessary to point out that models of this 
type represent very rough approximations of the actual 
systems, and certain parts must be modified further 
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TURBINE GENERATOR 


before they yield practical results. A reasonably 
complete analysis can be made, however; the chief 
difficulty lies in the lack of knowledge of the system 
constants involved. It is worthy of note that even if 
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complete mathematical analysis is not made, certain 
results of importance can be obtained by direct inspec- 
tion of the dynamical models. As an example of this 
may be mentioned a condition which is obvious from 
inspection of the dynamical model shown in Fig. 35. 
It is evident that the amplitude of vibration of the 
bearing A, produced by a disturbance in the rotor 
mass mı, depends to what extent the nearest stationary 
mass, s, is made to take a part of the motion. This 
reveals a relation which has not always been observed 
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in the present foundation designs, namely, the neces- 
sity for effecting an intimate mechanical connection 
between the rotating and the stationary masses. 

Apart from the general considerations of this nature, 
however, successful operation always demands that no 
condition of resonance exist near the operating speed. 
The system shown in Fig. 35 has four distinct resonance 
frequencies for the vertical and horizontal directions, 
making a total of eight resonance peaks; of which some, 
may overlap and some may fall wholly outside the 
operating range. In machines of great lengths it may 
even be necessary to consider the rotational vibrations 
of the rotor and stator masses as well, thus increasing 
the number of resonance peaks further. 

The term “critical speed" now assumes an entirely 
different significance from the ordinary conceptions of 
critical speeds in the rotor alone. The chief object of 
the analysis is to enable the machine to run in a hollow 
of the resonance curve; and there are, evidently, no 
simple rules that will accomplish this result. 

It may be of interest to show some of the experi- 
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mental results obtained from the actual installations 
which have furnished the justification for this treatment 
of the problem. 

Fig. 36 shows the resonance curves that were obtained 


_ from a 25,000-kv-a. unit of the type shown in Fig. 34. 


These curves were obtained from the outboard pedestal 
of the generator end A. Each one of the peaks ob- 
tained on these curves could be accounted for, at least 
approximately, by analysis. The maximum peak for 
horizontal motion occurred at 1200 rev. per min. 
This was found to represent the fundamental critical 
speed of the rotor, which was calculated to 2380 rev. 
per min. for rigid bearings. 

Present Design Inmitations. Further progress 15 
necessary before the designer of large turbine generators 
ean take a definite stand with respect to the design 
limitations made necessary by critical speeds. At the 
present time two methods of approach are possible. 
One is to continue along the old channels of thought 
and diseuss the problem in terms of critical speeds of 
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the rotor, making such allowances for the foundation 
influence as experience will indicate. The other is to 
attack the foundation problem aggressively, and regard 


. the rotor proportions with no greater emphasis than is 


demanded by its place in the foundation problem. 

Whatever method adopted, it is evident that the old 
conceptions of placing limitations on rotor dimensions 
based on the critical speeds of the rotor alone, in rigid 
bearings, must be modified. The development of 
large units was needlessly hampered by the old con- 
ventions of critical speeds, and by adhering to these 
conventions, certain designs were actually made with 
erroneous rotor proportions, This applies to almost 
all of the larger machines designed to run below the 
first critical speed. 

Apart from these considerations, however, there are 
certain problems which demand immediate attention. 


Probably the most important point at the present time 


is the question of what is the absolute lower limit to 
which the critical speed of a rotor can be brought with- 
out danger. At the present time, very few machines 
have been constructed with critical speeds below 900 
rev. per min., corresponding to а maximum shaft 
deflection of about 0.045 in. "There are, as yet, no 
indications that the operation of a rotor of this type is 
accompanied by any dangers or unusual troubles. 
As the demand for large units increases, however, rotor 
deflections of 0.100 in., and critical speeds of about 700 
rev. per min. will be necessary. 

An investigation of the probable trend of the develop- 
ment of Westinghouse machines of the 1800-rev. per 
min. class has shown that the capacity can be increased 
to about 120,000 kv-a. before the second critical speed 
of the generator rotor must be considered. At that 
capacity, the fundamental cirtical speed will be of the 
order of 700 rev. per min. It may be necessary to 
screen off certain core lengths on the present, maximum 
diameter between about 120,000 and 150,000 kv-a. but 
above this limit it is still theoretically possible to extend 
the rotor length and the capacity still further. How 
far this can be carried is entirely problematical. 

It is believed, however, that the bending stress in the 
rotor might play an important role before the limit in 
critical speed and rotor deflection is reached. This 
bending stress is alternating, and, taking into considera- 
tion the probable conditions of stress concentration, 
and the fact that it exists in conjunction with certain 
other stresses, there will probably be considerable 
hesitancy on the part of the designers to raise this 
stress far above 5000 Ib. per sq. in. with present rotor 
materials. This will limit the output to a value around 
150,000 kv-a., but a considerable amount of further 
research is necessary before this figure can be estab- 
lished definitely. 

In addition to this limit of the bending stress there 
are certain other features to be considered. Since no 
journals are absolutely uniform, and no rotor has an 
absolutely uniform deflection in all directions, it is 
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evident that, as the rotor deflections are increased, the 
effects of these errors may also be increased. The 
danger from this source lies primarily in the danger of 
producing resonance with the second critical speed. 
It is not possible to place a limit on the rotor length 
from this consideration, but it is conceivable that much 
longer rotors than those built at the present time may 
give trouble on account of these causes. 

The question of instability of the rotor in the air-gap 
will probably not be of consequence for any of the rotor 
lengths in sight at the present time. Unless the air- 
gaps are materially increased it is conceivable that this 
feature of the problem must be considered when shaft 
deflections exceed 0.100 in. 

In conclusion it may be stated, therefore, that the 
development towards larger, individual units has not 
yet reached the point where a definite limit can be 
established. The results that are obtained when the 
units, under construction at the present time, have been 
put into service may conceivably add further elements 
to the discussion; but it is almost certain that if the 
demand for large units is maintained, the next decade 
wil witness no less striking undertakings in this 
respect than the present. 


BALANCING AND VIBRATION PROBLEMS IN THE SHOP 
AND IN THE FTELD 


Apart from the problems incidental to the building of 
the rotor body, its machining, the winding, and the 
assembly, the vibration problem figures very promi- 
nently in the process required to bring a machine into 
satisfactory operating conditions. 

One of the primary requirements for smooth opera- 
tion (apart from the question of design), is an accurate 
balance of the rotating parts. The Westinghouse Co. 
realized the importance of this process for large, high- 
speed machines at an early stage in the development, 
and its first balancing machine for this purpose was 
constructed more than 10 years ago. This machine 
had a capacity of 250,000 Ib. and has been in continuous 
operation in the Turbine Works at South Philadelphia. 
In 1923 a similar unit, with a maximum capacity of 
300,000 Ib., was installed at East Pittsburgh. Similar 
equipment has been added, subsequently, for the 
3600-rev. per min. machines. The construction of these 
machines, and the method of operation, is practically 
the same.’° 

With this balancing equipment the process of obtain- 
ing a practically perfect balance is a simple matter, 
but it has been found that the balancing process alone 
is not sufficient to insure smooth operation, except for 
the small units. Due to the mechanical imperfections 
of the coils, and their insulation, certain distortions of 
the rotor structure take place during the first hours of 
heating and rotation. It has been found necessary, 
therefore, to subject each rotor to a definite seasoning 
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process at full speed and maximum field temperature, 
and sometimes a stable condition is not obtained until 
after several days of seasoning. The rotor is heated 
by current through the field windings, and the season- 
ing 18 carried out in a special test rig arranged for this 
purpose. In order to maintain the field temperature 
sufficiently high it is usually necessary to enclose the 
rotor in a heater box, which is made of wood in order to 
eliminate heating by eddy currents. After a sta- 
tionary state of balance is reached at full speed and 
maximum temperature, it is not unusual to find that 
the balance at room temperature and low speed is 
different. Ordinarily, however, a well seasoned rotor 
will maintain a permanent balance under all conditions 
of operation. No particular difference has been ob- 
served in this respect between plate rotors and solid 
rotors, some of the latter type having been very slow 
to become stabilized. 

Even with the utmost care in these preparations of the 
rotor, the manufacturer is never completely guarded 
against troubles in the field, so that field balanc- 
ing is a very important element of turbine-generator 
installation. 

The cause of these field troubles is occasionally an 
actual slip in the shop process, and sometimes it may 
be traced to incorrect alinement; but in the majority 
of cases the troubles can be traced to unduly sensitive 
foundations. It is very seldom that a fundamental 
reconstruction of the foundation can be made, however, 
and the universal cure (which generally succeeds in 
eliminating the trouble) is to effect greater precision 
in the rotor balance by hand-balancing. These field 
troubles are always a source of inconvenience to the 
customer, and of unexpected expense to the manu- 
facturer, but they have had one concrete result of 
importance, in that it is through these field troubles 
that the available knowledge of the properties of founda- 
tions has been gained. 

Hand-balancing has always been regarded as more or 
less of a mystery, the secrets of which have been avail- 
able only to a select few. The development of the art 
during recent years has dispelled a considerable portion 
of this attitude, however, and the systematic methods 
in use at the present time invariably yield quick 
results, provided that a cure is obtainable through 
balancing alone. 

It is in this connection that the application of vi- 
bration instruments has been particularly valuable. 
In ordinary cases of balancing it is merely a question of 
measuring the amplitude of the vibration with a certain 
degree of accuracy. The vibrometer developed by 
the Westinghouse Co., has proved to be eminently 
useful in this respect. For more elaborate measure- 
ments of the vibration the Geiger Vibrograph made by 
Lehmann and Michells in Germany, has been used 
extensively. This instrument has the advantage of 
giving a graphical record of the motion, whereby the form 
of the displacement is also obtained. It is partieularly 
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useful in obtaining resonance curves, continuous 
records of amplitude and frequency, and the results 
shown in Fig. 36 were obtained by this instrument. 

Many vibration problems encountered in the field 
are due to local conditions of resonance in bearing 
pedestals, frames, piping, flooring, etc. While the 
ultimate cause of these vibrations resides in distur- 
bances from the rotor, it is very rarely that a cure can 
be effected by correcting the cause itself. The most 
effective cure is usually to change the natural frequency 
of the element in question, by stiffening or weakening. 
These local vibrations are not infrequently classed as 
serious vibrations of the machine as a whole, and a 
great deal of field trouble can be eliminated by particu- 
lar care in the design of these parts. 

Axial vibrations of bearing pedestals form a very 
important part of this item. The causes for these axial 
vibrations are not fully known, and there are cases on 
record where resonance has definitely been demon- 
strated not to be the cause. In many cases a cure has 
been effected by balancing of the rotor, although there 
is no apparent reason why unbalance should cause 
axial disturbances. It is probably safe to state that 
more than 30 per cent of field troubles are due to axial 
vibrations of bearing pedestals. This represents one 
example of the many practical vibration phenomena 
which are not yet fully understood. 


Another group of unexplained phenomena has been 
observed in the vibrations of the steam turbines. 
Several cases are on record where the amplitude of a 
certain point would vary periodically with periods of 
several minutes or even hours. These phenomena are 
undoubtedly connected in some manner with tem- 
perature distortions, and they have been eliminated in 
several instances by modifying the supports of the 
turbine housing, but the actual causes are as yet 
hidden. 


The question of alinement is a very important one for 
large turbine generators. This problem is complicated 
by the movements in the foundation that take place 
because of variation in temperature, particularly in 
cases of exposed steel foundations. Where solid 
couplings are used, the present practise is to aline the 
machine in such a manner that no flexural moments are 
introduced in the coupling, except those produced by 
gravity. Corrections are then made for thermal 
expansion. This method of alinement is sometimes 
modified when flexible couplings are used, but it is 
probably a safe procedure to aline flexible couplings 
fully as accurately as solid couplings. 


CONCLUSION 


From the above it will be evident that the design of 
large turbine generators is one of extreme complexity, 
where practically all branches of engineering and science 
find their application. Now, asin the past, the designer 
of turbine generators is forced to work very close to the 
limits determined by available knowledge; and in many 
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innovations, his only guide is the experience gained on 
artificial models, arranged to test out his theoretical 
investigations. 

A program of development, such as described, is the 
result of the combined activities of the entire organiza- 
tion of a large company. For many of the results 
recorded in the paper we are indebted, among others, to 
C. М. Laffoon, G. M. Eaton, E. Mattman, W. J. 
Merten, S. Timoshenko, G. M. Lessells, and C. F. Hill, 
members of the research, metallurgical, and design 
departments of the Westinghouse Co. 
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Discussion 


W. J. Foster: I want first to say a word about the voltage. 
Mr. Henderson takes the position with which I think we will all 
agree that we do not want any higher voltage in generators 
than we can well get along with, on aecount of the space taken up 
by the insulation, the temperature drop through the insulation, 
and so forth, and yet at the same time, as pointed out by Mr. 
Henderson in his paper when he speaks about the amperes per 
slot and their deleterious effect on losses and so forth, we need 
the higher voltage to keep the amperes down. We must balance 
up one effect against another. 

There has been pressure brought to bear when we go above 
13,800 volts to go to 22,000 or 23,000, since that 1s considered a 
standard voltage on transformers and in distribution. A number 
of intermediate steps has been made such as 18,000, 16,500. 
We had the 18,000 several years ago on engine-driven generators. 
The step to 22,000 volts on certain turbine generators was taken 
by reason of the pressure brought to bear on the manufacturers 
to go to that voltage on account of the great savings in bus 
construction, switches, and station wiring. It was found prac- 
ticable to design the generators for that voltage. 

I wish here to make just a little correction in the paper. I 
think Mr. Henderson and Mr. Soderberg spoke of only one plant 
where this high voltage is going to be introduced in a generator. 
There are two such plants. The generator for the first one has 
already been shipped. It will be installed before the more 
conspicuous one, which is the 208,000-kw. unit, is installed. The 
latter consists of three 22,000-volt 85 per cent power-factor 
generators, 1800 rev. per min., the larger or high-pressure unit 
89,411 kv-a. and the smaller ones identical in size, 72,941 kv-a. 
each. It has been found in developing the insulation and in 
testing the same that results have been obtained that are quite 
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reassuring. We now have confidence that the 22,000-volt gen- 
erator is all right. 

With reference to the matter of insulation, I am interested in 
what has been said and what is shown in the paper with regard to 
the use of shellac, inasmuch as that conforms with my own experi- 
ence. There are other bonding materials that are far preferable, 
especially in what happens when they are subjected to higher 
temperatures. 

In the matter of corona discharge, that is another reason why 
we hesitate to wind for very high voltages. It might be brought 
forward as a reason why we should hesitate at such a voltage as 
22,000. I was especially interested in what the authors have said 
regarding the development of a covering that arrests or prevents 
any serious deterioration due to the discharge. I trust that 
what has been discovered is going to prove permanent. Many 
years ago in connection with some of the first high-tension genera- 
tors that were installed at high altitudes where trouble developed 
due to corona, it appeared desirable to devise a corona-protecting 
sheathing. The problem was attacked at the factory, and a 
certain pigment was discovered with which the finished coils 
were painted, and apparently a cure had been obtained. It was 
a cure, but only temporary. That protection soon wore away 
and disappeared. Later the practise became established on the 
part of the manufacturers with whom I have been associated of 
putting on a metallic sheathing, which consisted of a metallic 
ribbon insulated on one side and wound around the fully insulated 
coil. That was very effective, but in time it was liable to wear 
out. 

I am still of the opinion that the problem is a very important 
one and should be solved to everyone’s satisfaction. I hope 
what the authors describe will prove the real solution. What- 
ever corona-protecting sheathing is used must be of such nature 
as to adhere perfectly to the surface of the completely insulated 
coil and be a substance that will not deteriorate due to tempera- 
ture or chemical actions that may take place. As many know, 
asbestos sheathing offers a solution in many cases. 

With regard to hydrogen, the authors point out some of the 
advantages. І simply wish to add that undoubtedly the benefits 
obtained by hydrogen are greater on the rotor than on the stator, 
and as a result it strengthens the weaker part of the generator. 
It has long been recognized that the rotor is the limiting feature. 

What is shown in the paper in regard to the skeleton-frame 
stator construction is of special interest to me, as the group of 
men with whom I am associated devised similar stator frames as 
much as two years ago. In fact, several machines have been 
built, including the first of the 100,000 kv-a., which I presume at 
the present time is on its way to the Pacific Coast. That has 
been a great step forward, for the reasons pointed out in the 
paper. 

B. A. Behrend: The paper is divided into parts dealing 
with the electrical problems, the ventilation problems, the 
mechanical design of stator and rotor, and the dynamical 
balance of the latter. I shall use for this discussion the same 
headings as those used by the authors in their paper. 


II. VENTILATION 


The multiple-radial system of ventilation, the principle of 
which is the invention of Parsons and Holcombe, has been care- 
fully studied and developed and its adoption by the Westing- 
house Company marks a step of great progress. We thus see 
the axial system of ventilation abandoned and supplanted by one 
whose efficacy has been thoroughly demonstrated. The inherent 
limitations of the axial system resulted in higher temperatures for 
the stator coils which entailed both serious electrical and mechani- 
eal difficulties. Moreover, we are now no longer confronted 
with the making of a decision as to the possible superiority of one 
system of ventilation over another as the principal makers of 
large turbine units are now using substantially the same system. 
This marks progress when it is the result of steady evolution and 
improvement. 
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The mode of ventilation is naturally connected with the 
medium of ventilation and the authors have referred to the use of 
hydrogen gas for cooling. It is my opinion that, given the neces- 
sary time to convert the power-plant owners, hydrogen will be 
freely used on large units raising efficiencies, reducing size, and 
making possible higher voltages on the individual unit. Water 
and oil cooling of stators, extensively used abroad, appears to 
have found little or no favor here. A. B. Field’s discussion bears 
on this subjeet. 


III 


In the design of stator coils, sound principles as laid down by 
A. B. Field, R. E. Gilman, W. H. Taylor, W. V. Lyon, and noted 
foreign designers, have been adopted. This necessitates cross- 
overs in the slots which, as Mr. Henderson states, have enabled 
him to hold down eddy-current losses to about 30 per cent of the 
corresponding d-e.loss. 'The method used by Henderson, shown 
in Fig. 4, appears to be a good mechanical design. With this 
type of construction, however, care has to be exercised to prevent 
establishing paths for eddy currents which could be induced by 
the external field. 

The important researches on temperature conditions in stator 
coils carried on for years by F. D. Newbury and his associates, 
should have come in for a general review. This was the kind of 
work which led up to sound principles of design of stator coils 
and ventilation and was fundamental in character. 

Some little time ago (Transactions, A. I. E. E., March 22, 
1907) I described a 100-kw. 22,000-volt generator which had then 
been in operation continuously for some time. I said that 
"where individual units of very large capacity are installed in 
power plants, a potential of 20,000 volts is feasible and it is to be 
recommended in units of 10,000 kw. and above.” Today, 
twenty years later, it might be advisable to weigh these words 
and to raise the generator voltage with all the advantages which 
the handling of smaller currents brings. It is right here where 
hydrogen cooling will be useful in connection with the increased 
generator voltages. He is a bold man who will predict the 
limit of capacity of turbo generators, but I am willing to go on 
record here that this limit lies between 150,000 kw. and 200,000 
kw. Twenty years ago (Cassier’s Magazine, May, 1907) I 
urged 25,000-kw. units at 22,000 volts as unit sizes for power- 
generating stations and, having seen this prediction realized and 
to some extent exceeded, I now go on record stating that we are 
reaching the technical and economic limit at eight or ten times 
this size, viz., at 200,000 kw. or 250,000 kw. at the most. 


IV. GENERAL DESIGN 


Here it is interesting to note, first, the adoption of a 4 per cent 
silicon steel for the core punchings. The enormous advantage in 
reducing the core loss to one-half of what it would be with 
ordinary iron is obvious. 

The heating of the finger plates is not a new phenomenon. 
It has had to be met before by the adoption of non-magnetic 
finger plates, made of brass or bronze. Losses in the finger plates 
are two-fold, first, those due to induction from the armature, 
second, those due to induction from the revolving field. In the 
earlier machines with weak armatures and powerful fields the 
heating was due principally to the latter; in the present types with 
powerful armatures and weak fields, the heating is primarily due 
to the ampere-conductors per slot. It is obvious that a con- 
siderable flux must pass through the finger plates with slots 
twice as deep as they used to be. This flux is roughly propor- 
tional to the product of the depth of the slot into the current 
density. The better the cooling, the greater the latter. Hence 
the loss in the finger plates, which is proportional to the square 
of the induction, is easily ten times what it used to be in the older 
machines. It is, therefore, necessary to study the magnetic 
circuit of the finger plates carefully so as not to give an oppor- 
tunity to set up eddy currents. Excessive heating of the finger 
plates is a source of danger as their mechanical strength is reduced 
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by high temperatures, leading to the possibility of fracture. 
Thus broken pieces may drop into the air gap and damage the 
insulation of the coils. The strength of aluminum alloys is 
generally affected by heat and their use is, therefore, to be 
avoided for parts liable to be the seat of eddy currents. 

The question of generator stability is brought up by the 
authors. I have elsewhere (Chicago Regional Convention, Nov. 
1927) discussed this matter and I wish to emphasize here that I 
hope that the designers of large generators will not return to 
their former practise of using strong fields and weak armatures 
in order to raise the frequency of natural oscillation of the 
generators. We have gone through all this in the past and it 
would be painful to see it all gone through again. 


V. STATOR CONSTRUCTION 


The adoption of welded structural-steel frames for turbo 
generator stators is highly to be commended. Cast iron is 
unsuited for this purpose, and east steel is too eostly. 


VI. MECHANICAL CONSTRUCTION OF THE Rotor Bopy 


As referred to by the authors, I developed the radial slot con- 
struction and the plate rotor for the Westinghouse Company 
about nineteen years ago. The reasons for abandoning steel 
castings or forgings were those given by the authors. The 
bolted shaft ends, first used by DeLaval on his single wheels in 
his steam turbines, were used by me in 1907 on the first of 
thirteen generators of 300 rev. per min. for Niagara Falls (Trans- 
ACTIONS, A. I. E. E., 1908, p. 811). The first machine of this 
series was destroyed on its overspeed test on April 28, 1908. 
A complete description of the accident with copious illustrations 
was given by me before a joint meeting of the American Societies 
of Civil and Mechanical Engineers and of the American Institute 
of Electrical Engineers, in Boston, fifteen years ago. The type 
of rotor construction is shown in Fig. 5, in the writer’s paper 
already cited. An 8-in. unpierced central disk of 3Y$ per cent 
nickel-steel supported two nickel-steel end rings forged like tires 
ona mandrel. Careful specifications accompanied the order for 
these forgings. 


The fractures revealed a high axial combined with a low radial 
ductility. The elastic limit of the radial test bars was high and 
so was their ultimate strength. The central disk had evidently 
not suffered at all; it remained intact and test bars taken from it 
showed no signs of excessive stress. The use of bolted-on shaft 
ends proved entirely successful, thus indicating the way to the 
bolted ends with unpierced shaftless rotors described by the 
authors and introduced by Behrend and Field. 

Different committees investigating the accident at the time 
arrived at the conclusion, which was buttressed by tests of 
models made in a Tinius Olsen testing machine, that, had the 
forgings possessed proper ductility in a radial direction, there 
would have been no reason to have expected the accident. In 
replacing these machines I used on the first one 2-in. rolled car- 
bon-steel plates, and on the second one, 2-in. rolled nickel-steel 
plates, carbon steel having proved too delicate in its heat 
treatment. These plates were all quenched in water. Particu- 
lar attention was paid to uniformity of ductility in two directions 
at right angles to each other, 7. e., in the direction of rolling and 
at right angles thereto. Samples taken from the plates in these 
directions has to bend cold flat 180 deg. without showing cracks. 
(See Transactions, A. I. E. E., 1918, p. 886.) It is this type of 
construction of which thirteen units have been in continuous 
operation for twenty years at Niagara Falls and these are the 
first 2-in. plate rotor types ever built. 

The enormous advantage of such a plate construction was 
irresistibly impressed upon my collaborator A. B. Field and my- 
self and when we joined the Westinghouse Company in 1909, we 
introduced this type for turbo rotor construction, returning to 
the unpierced plates but retaining the 2-in. plates of rolled 
material. 
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In my paper before this Institute of 1908, I had given a com- 
plete stress chart showing both the radial and tangential stresses 
in revolving disks, both pierced and unpiereed. 'lThischartisgiven 
in Fig. 2, herewith, and it has been reproduced by Professor 
Stodola in his book on steam turbines and by C. M. Laffoon in 
an able paper before the А. S. M. E., 1922, p. 485, Fig. 12. The 
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From the above numbers 1, 2, 3, to 10 indicate initial inside and outside 
radli of disk before deformation. These points by virture of the strain 
distribution travel along the dotted lines according as the inside radius of 
the toroid is small or large. The disk or toroids develop concave surfaces 
as boundaries perpendicular to the axis of spin. 

The theory makes the cylindrical boundary generated by a line parallel 
to the axis of rotation, while in reality the generating line is a curve with 
its center on the line of symmetry making a convex surface for the disk. 


important point here is the sudden doubling of the tangential 
stress when the disk is pierced at the center. In disks made of 
materials of low ductility, with unequal radial and tangential 
stresses, the tangential stress may easily treble as a direct result 
of a central hole. We, therefore, avoided such piercing and 
developed the design shown by the authors in their Fig. 14. 
Had the accident to the Niagara Falls generator, described in 
my paper of 1908, been the only one of its kind, or had such an 
accident occurred only in a machine of my design manufactured 
in a certain plant, the evolution of a new type might have seemed 
unnecessary. But in 1922, two generators with cast-steel rotors 
of twice the rating of our machine of 1908, designed by other 
engineers and built by another company, were totally destroyed 
at Niagara Falls. Thus I have felt warranted in urging the 
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Westinghouse Company uneeasingly to adopt a type of construc- 
tion whieh uses neither castings nor forgings and which permits 
easy discovery of flaws and defects of material although entailing 
increased cost of machining. 

Now four conditions appeared to me paramount in the design 
of the plate rotor: 

1—The use of a commercial material which could belooked over 
and inspected in ‘‘small bits’’, so to speak, at the shops of the 
generator builder. 

2—The possibility of using unpiereed dis’ s in which the radial 
and tangential stresses equal each other at the center. 

3—Great ease of effective rotor ventilation. 

4— Avoiding excessive tangential stresses on the inside of the 
bored hole due to shrinking fits on the shaft. 

Against these advantages must be cited the greater cost of 
machining. 

Now the authors appear to favor forged rings instead of plates 
and thus they lose the advantages cited under (1) and (2). In 
forgings of 8-in. thickness with a central hole the maximum stress 
is liable to be about twice the stress in the 2-in. unpierced disks 
or plates. The probability of an invisible flaw remaining un- 
discovered is 1/4; 1/4 = 1/160r 16 times as great in an &-in. 
forging than in a 2-in. plate, assuming the same probability of 
occurrence of flaws in either material which is hardly the case. 
In general, let us assume a forged or solid steel rotor of 100-in. 
length and let us compare with the same a plate rotor of equal 
length with plates of 2-in. thickness, then the probability of a 
flaw remaining undetected is 2500 times greater in the first than 
in the second ease. This is, perhaps, the most graphic way of 
bringing home the issue between solid rotors, cast or forged, and 
plate rotors of the type proposed by us. Of the latter, the 
Westinghouse Company has built considerably over one hundred 
large units which have been entirely successful. 


Forging rings on a mandrel has a tendency to lower the radial 
ductility on account of the direction of the forging work and, 
simultaneously, to raise the axial ductility, which is useless; the 
process of mandrel forging thus operates in the inverse direction 
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to that which is desirable. This statement is made in spite of 
the micro-photographs shown by the authors in Fig. 20. The 
tendency toward such variation can be offset only by extensive 
heat treatment, counteracting the effect of the forging work, and 
such heat treatment is not in the hands of the builder of the 
generators. 

With rolled plates it is possible to order material for stock in 
large quantities and at times when the steel mills are not busy 
on standard specifications; with the rolled or forged rings this 
cannot be done and every job is a special job. We secured 
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plates from the armor plate department of the Carnegie Steel 
Company at Munhall, Pennsylvania, of nickel steel with proper- 
ties which showed that an elastic limit of 55,000 Ib., an ultimate of 
75,000 1b., and 28 per cent elongation with 45 per cent reduction 
was obtainable, thus indicating that it can be done. It is, of 
course, undesirable business for the mills as it is fastidious work. 


VIII. CRITICAL SPEEDS 


In his splendid analysis of critical speeds, Mr. Soderberg 
points out the importance of operating аф а speed between the 
first and second critical speeds or between the fundamental 
lateral vibration and its first harmonic. He shows the effect of 
the oil film in the bearings as resulting in a lower critical speed 
than that which would obtain were the bearings perfectly rigid 
and he concludes that “it is here that the real limitations of 
mathematical analysis come to light and the machine designer 
is made to feel the true importance of intuitive judgment and 
good luek." 

Mathematical analysis cannot solve the intricate problem of 
dynamic balance but such analysis as Mr. Soderberg has given 
elsewhere of systems of several degrees of freedom supplies a 
great and useful guide for which the engineer will be duly 
grateful to the author. 

Edouard Roth: І wish to add to the very suggestive list of 
great units which have been built or which are under construction 
in the States, a unit of 40,000 kv-a. at 3000 rev. per min., 13,500 
volts, built by the Société Alsacienne de Constructions Mécan- 


iques at Belfort (France) which is, as far as I know, the largest 
unit at 3000 rev. per min. and of which I append some photo- 
graphs (Figs. 3 to 5). Fig. 4 shows how the very important 
question of shipment has been solved; this is a problem on which 
the authors rightly insist very much. The solution of this 
problem is easier for the American designers, first because the 
railway clearances are larger in America than in Europe, and then 
because the American railway companies allow for a heavier load 
per axle, than the European companies; for example, in Europe 
there exists no ear that can earry 275,000 lb. The kind of con- 
struction represented in Fig. 5 allowed us ёо Боја up the sheet- 
iron eore in the faetory, but the winding had to be put in place 
at the power station. "The solution by means of a skeleton frame 
is very ingenious but I do not believe that it can be generally 
employed in Europe. 

In the ease of the machines built by the Société Alsacienne, 
it is not easy to use this kind of frame on aecount of the ventila- 
tion system. In my paper, which is referred to by the authors, 
I gave a detailed description of this system, the advantages of 
which were so clearly emphasized in the discussion by Mr. 
Fechheimer. This system has proved to be very efficient and 
is used by my firm for all turbo alternators. 

In this same paper .Í explained in detail that this system of 
ventilation is possible owing to the leakage slots, which were so 
thoroughly discussed on the same occasion. I repeat that these 
slots make it possible to build alternators with a flux which 
assures great stability (another problem on which the authors 
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insist) and which at the same time gives a very small instan- 
taneous short-circuit current. These leakage slots are used by 
my firm for all turbo-alternators of outputs above 5000 kv-a. 

. Another problem which the authors mention is that of the 
heating of the finger plates, supporting the stator teeth, which 
is due to stray load losses; may I add that there are also losses 
in the end plates and in the extreme portions of the lamination 
of the stator core. 
authors, the only and best remedy is the use of non-magnetic 
steel for the wedge and end plates, as well as for the retaining 
rings of the rotor. 


The problem of the suppression of eddy currents in the bars 
has found a perfect solution in the use of the special bars of which 
a detailed description was given in my paper. 

The swelling and wrinkling of the insulating tubes has also 
been for us an object of research, and I agree entirely with all 
that the authors say on this subject. I might add that it is 
obvious that the manufacture of the tubes is the first condition 
of success and that the quality of the raw material, which is the 
miea folium, is also very important, not only as to the kind of 
bond used, but also in respect to the constitution of the material 
itself. The mica folium must be thin and of a very regular 
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thickness; it must be flexible, very homogeneous, and the quan- 
tity of bonds used must be very small. These properties can be 
given to the material only by a strictly mechanical manufacturing 
process, excluding any manual intervention; it is only in this way 
that perfect homogeneity can be assured. A material of this 
kind is produced quite automatically by a very ingenious 
machine, built by a manufacturer of insulating materials in 
France; this machine needs no other manual operation than that 
which is absolutely necessary for its general handling. 

The problem of the elimination of corona was solved by us 
many years ago, in exactly the same manner as that given by 
the authors, namely by the application of a semi-conductive 
coating on the insulating tubes. 


I should like to ask the authors whether they have ever found 
trouble in using transformer plates for building up the stator 
core, as this steel is very brittle, and whether an increase in 
radius of the fillets has given a complete remedy to these troubles. 


I will not dilate upon the mechanical construction of the rotors. 
Up to the present time, we have always used, for four-pole rotors, 
the construction which is described in my paper; on a shaft, 
grooved to permit the entrance of the cooling air, are placed 
forged disks, with clearances between them, forming vents. 
This construction will still be used for a 75,000-kv-a. alternator, 


of 65 per cent power factor, 1500 rev. per min., which is now 


being designed. I may add that this alternator will be built very 
liberally, and would be capable, with normal heating; of an out- 
put of 90,000 kv-a. 

The rotors for 3000 rev. per min., are made of solid steel 
forgings. The study which the authors make of the different 
stresses that may occur in rotors is very interesting. I under- 
stand very well that the problems which present themselves to 
American engineers on this subject are very difficult on account 
of the great length of the rotor; this is not only due to the large 
outputs of the machines, but also to the fact that the speed is 
1800 rev. per min., and not 1500 as in Europe. 

The critical speed of our 3000 rev. per min. machines is always 
under the normal speed. Up to the present this was not the 
сазе for the 1500 rev. per min. alternators, for which it is above 
the normal speed. For the alternator mentioned above, it will, 
however, be above the normal speed. 

A. B. Field: One is perhaps disappointed that among refer- 
ences to so many investigations one finds no signs that the 
possibilities of an oil-immersed stator have received considera- 
tion or been investigated. We hear of the increased size having 
necessitated higher voltages, and of the difficulties thereby 
encountered; but, even so, do we reach a voltage which is 
really reasonable for the output? Emphatically not, at 22,000 
volts. We hear of the huge volumes of cooling air to be handled; 
of the windage loss which seems to be leading to hydrogen cooling 
with all its complications, granted that the danger scare is 
largely a bogey, and so on. 

Oil immersion is no recent suggestion. No doubt most design- 
ers and users have in a casual way considered its possibilities 
during the past 25 years. Its possibility first really appealed 


X when bakelite-paper products had proved their worth, and the 


production of a thick insulating tube of mechanical construction 
suitable as a separator between rotor and stator came within the 
realm of practical politics, somewhat less than 20 years ago. 
In reviving the suggestion then, one realized that, even if it were 
practicable, the construction could not be justified by the 
requirements at that date. The position has been different for 
a good half-dozen years now, and the matter calls for a sufficient 
expenditure to determine definitely whether the difficulties and 
disadvantages justify a continuance of the cold shoulder. With 
a bakelite-paper tube between stator and rotor the rotor can be 
water, oil, or possibly steam cooled, and run in a partial vacuum, 
eliminating windage loss. The stator can be oil-cooled by a 
confined forced circulation, not the kind of casual circulation 
which a transformer puts up with. For a given temperature rise 


of the cooling medium the flow of oil across unit area of cross- 
section of the duct at say 300 ft. per min. deals with about 130 
times as many watts as the flow of air at 4000 ft. per min. Thus, 
end-to-end axial ducting becomes practicable, or end-to-center; 
if desired, the cooling medium ean be given direct access to the 
bare copper, or to metal walls almost in contact with such. 
The voltage limitations are pushed away to a figure with which 
we need not quarrel at the moment. The possibilities and 
difficulties of oil immersion cannot be determined without 
expenditure on an adequate scale; if the matter has not been 
investigated within the last 5 years or so, a serious study is due. 

W. J. Merten: I want to point out in more detail two out- 
standing metallurgical developments included here and of great 
importance to the design engineer. 

One is the full exploitation of the potential physical character- 


istics of plain carbon steel in the disk forgings described, by a 


selective heat treatment for uniform grain refinement, allowing 
thereby very much higher working stresses without a reduction of 
the factory of safety. 

The second is the development of a new type of steel for 
retainer rings and bolts with properties not as yet equaled in 
any of the alloy steels which have been tried for this service. 
The nickel-molybdenum steel and its composition has been 
mentioned in this paper. 

1. The problem of producing a high-strength disk was 
worked out from a standpoint of securing complete and uniform 
distribution of structural components, diffusion of metalloids, and 
complete destruction of segregation by the employment of high 
temperatures after the forging operations were completed, and 
before reheating for grain refinement and quenching which was 
then followed by strain-relieving thermal treatments. The 
successful and uniform structural refinement of large massive 
sections of steel forgings by high-temperature treatment has been 
described in a paper! before the A. S. S. T. September, 1927, at 
their Detroit Convention. Since then, a more complete refine- 
ment by quenching and tempering has been introduced, with 
corresponding increase in physical properties. This step to make 
use of the steel to the safe limit of its capacity is not surprising 
at all and a natural consequence of more complete knowledge 
of the potential properties of steel and its response to thermal 
treatments. It will be noted that advantage has also been taken 
of all the mass reduction that the design engineer would permit by 
hollow forging so as to facilitate the greatest possible rate of 
heat abstraction during quenching. 

The microphotograph of the etched steel shows a sorbitic 
structure in which a combination of high elastic properties 
with a satisfactory degree of ductility can generally be assured. 

In concluding this part of the discussion, I should like to state 
that I believe the exploitation of the inherent properties of 
carbon steels by thermal treatment for this class of service has 
been carried to the limit of safety and any further increase in 
stresses in rotor service must be met by judicious selection of 
alloy steels or adjustment of crystal structure by mechanical 
working. 

2. The second metallurgical development—that of a new 
type of steel for retainer rings and bolts, is of even greater im- 
portance, since it indicates the direction towards successful 
alloy-steel application in parts of fairly large sections and actually 
obtains a corresponding return in physical values for the addi- 
tional cost of the alloys. 


The working stresses in rings and bolts are of a magnitude 
which exclude the low-percentage alloyed steels from receiving 
consideration. The 1 per cent chrome 3 per cent nickel-steel has 
been favored for this service. Every now and then, however, 
the inherent difficulties from temper brittleness as well as its 
sluggishness and resistance to complete structural refinement 
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during forging and heat treatment and its tendency to develop 
hair cracks during heat treatment and probably during rough 
machining makes it a rather questionable material for a basis 
of composition for still greater performance. Experiments 
with modified percentage compositions of chrome and nickel 
confirmed this conclusion. 


The molybdenum-nickel alloy steel for this application 
resulted from cooperative studies and experiments with the staff 
of the Molybdenum Corporation of America and the Midvale 
Steel Company and has consistently given on retainer rings an 
elastic limit of 95,000 lb. minimum with a yield point of 115,000, 
ultimate tensile of 130,000 and reduction of area of 55 per cent. 


A 6-in. diameter, 16-ft.-long forged bolt showed 90,000 Ib. 
elastic limit and equal values of ductility. The impact izod 
values of this steel are over twice those of the chrome-nickel 
type. While this characteristic may not add to the usefulness 
of this alloy in rotor service, I have always associated good or 
high impact values with a decidedly amplified crystal-reeovery 
tendency when such steel is subjected to alternating stresses of 
great magnitude, suggesting good cold-working properties and 
possibilities to improve their physical characteristics thereby. 

R. B. Williamson: The problem of ventilation in large 
turbo generators has been so well worked out that, for the 
present at least, the size of these machines is not limited by this 
feature. Also by the use of transposed stator conductors the 
difficulties due to eddy currents have been overcome. So far, 
therefore, as stators are concerned, the limit as to size and output 
may be very large because stators can, if necessary, be shipped in 
parts and built up and wound in the station. 

The real limit as to the output of these large turbo generators 
lies in the rotor which must be shipped complete, as it is hardly 
practicable to ship one of these large rotors in parts and wind and 
balance it at the station. 

Another limit lies in the materials available for the con- 
struction of the rotor. The paper illustrates a very interesting 
method of sectionalized construction whereby the use of very 
large forgings is avoided. However, it will be noted that even 
with this eonstruetion, quite large and massive forgings are 
required for the end shafts. These must have material in them 
of high grade as they are of the same diameter as the central 
disks and subjected to similar stresses. 

Steel makers have made great progress in the last few years in 
the produetion of reliable forgings of large weight and dimen- 
sions. What the designer has most to fear is the presenee of 
hair-line cracks in such forgings. A heavy forging may show 
excellent physical characteristics, yet if any cracks are present 
these may spread and cause failure. The danger of cracks is 
much reduced if the forging is made from an ingot that has not 
been allowed to cool. In other words, the forging should be 
made by the steel maker, and from the time the steel is poured 
until the forging is finished, the process should be continuous so 
that the steel is not subjected to the strains of cooling and re- 
heating. All rotor forgings should be bored for inspection. 

However, the main body of the rotor is only one item; suitable 
material for the coil-retaining rings is just as important. Failures 
have occurred in these rings; at least two cases having come under 
my observation. These were both due to cracks starting at one 
edge and working their way aeross the ring until it finally failed. 
Coil-retaining rings for turbo generators are generally made of 
alloy steel in order to secure the necessary tensile strength. 
Such alloy steels, if tempered too hard, are liable to develop 
eracks. While a relatively high tensile strength may look well, 
because it shows a high factor of safety as compared with the 
working stress, it is in fact more dangerous than a lower tensile 
strength combined with more ductility. Some years ago, the 
writer specified 100,000 Ib. per sq. in. as the yield point for this 
material with an ‘elongation of 16 per cent. This was later 
changed to a maximum of 85,000 lb. yield point with 22 per 
cent elongation. Also special precautions were taken in the 
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machining of the end rings to secure smooth surfaces, free from 
tool marks and scratches that might start cracks, by carefully 
finishing and polishing all corners and fillets. 

Robert Pohl: It may be of interest to American designers 
to compare the views and experience of a promiment European 
company, the Allgemeine Elektricitats Gesellschaft. The 
points raised are, however, so numerous that I can only briefly 
touch upon some of them. The prevalence of 50-cycle systems 
and other causes have had the effect to direct the development 
in Europe chiefly upon two-pole (3000 rev. per min.) machines. 
These are constructed for far bigger outputs than the two- 
pole machines in the United States. The largest 3000 rev. 
per min. generator in operation is a 40,000 kv-a. A. E. G. unit. 
Even bigger outputs are at present contemplated.  Four- 
polar designs are correspondingly less frequent. While they 
have been worked out up to 100,000 kv-a. at 1500 rev. per min. 
there has as yet been no chanee here of building four-pole ma- 
chines above 50,000 kv-a. Six-pole turbo alternators at 1000 rev. 
per min. have altogether ceased to play any part. The largest 
units of this type, unique at the time of their construction, were 
the 62,500 kv-a. A. E. G. machines of the Goldenberg Station, 
designed in 1916. Their system of ventilation is multiple 
radial, similar to Fig. 1 of the paper, with this difference, that 
the radial ducts are alternately inlet and outlet passages so 
that even more complete uniformity of ventilation over the 
whole active length was obtained. We find it advantageous, 
however, to let the air from the back pass from the inlet to the 
outlet ducts through axial holes in the core immediately above 
the winding and to cool the rotor exclusively with air passed 
through it and over its surface from either end of the rotor. 
Much depends, in this connection, on whether the stator or the 
rotor is the limiting member from the temperature point of 
view. The scheme of rotor ventilation of the A. E. G. rotor 
allows a greater quantity of air to pass through its vent ducts, 
and that is a particularly effective way. The typical A. E. G. 
rotor design—laminated teeth inserted in a solid соге, with 
form-wound coils, baked, insulated, and assembled before 
assembly of the teeth—I suppose to be known. It may not be 
appreciated, however, that, like the Westinghouse plate rotor, 
it greatly simplifies the forging question, since the forged core 
has only about 70 per cent of the diameter and half the weight 
of a solid rotor forging. It also permits of very effective coil 
ventilation since the air can be made to pass axially along the 
copper through passages between teeth and coils. We found 
this direct cooling of the copper about three times as effective 
as indirect cooling. 


The Westinghouse plate rotor design evoked great interest 
when it was discussed in London some twelve years ago. The 
investigation and development of its mechanics as disclosed 
in the paper, form perhaps its most interesting part. Perhaps 
the authors could add some further information as to the tests 
to make sure that the bolts are free from flaws and residual 
strain. Can they be tested by Réentgen rays? 

While large two-pole forgings require special precaution, 
we find less difficulty over here in getting reliable forgings for 
four-pole machines of drum design with separate shaft ends, 
where the drum can be forged on a mandrel. We employ high- 
grade alloy steel, twice heated, quenched in oil at different 
temperatures and annealed. We test the finished forging for 
flaws by heating as well as by electro-magnetic methods. Test 
specimens are taken axially, tangentially, and radially. Apart 
from yield point, elongation and contraction of area, importance 
is attached to the span from yield point to ultimate strength and 
to the micro-photograph, but particularly to the impact test. 
For the latter, we employ not the Izod but the Mesnager speci- 
men. Unfortunately, different impact tests are not comparable 
and it is to be hoped that some international agreement on the 
details of impact tests will be reached before long. 

With regard to the mechanical factor of safety, the formula 
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cially considering that the alternating bending stress in the rotor 
is independent of the speed while the centrifugal stresses increase 
with the square of the speed. A more practical conception of the 
safety of a rotor would, I think, be conveyed by stating the 
overspeed at which ultimately failure will occur. The endurance 
limit, by the way, is not defined in the paper. Some define it 
as the amplitude of reversing stress which the material will 
stand indefinitely, others for 10,000,000 reversals. Again the 
method of test may be of importance. We employ high-fre- 
quency load variations, 500 periods per sec., so that an endurance 
test up to 10,000,000 reversals can be carried out in less than 3 hrs. 

The bending stress does not appear to us, however, to play 
an important part. In our largest rotors, it only amounts to 
3.5 per cent of the tangential stress at the 30 per cent overspeed. 
Of course, it will become much bigger in four-pole rotors when 
the critical speed of the shaft is dropped below the running speed. 

Coming to the question of the critical speed, our experience 
does not confirm the observation that it actually occurs below 
the running speed even where it was meant to be above. On 
the contrary, we always find it in close agreement with the caleu- 
lated values for the shafts alone. I suppose the difference is 
explained by our different practise in building machine founda- 
tions. While in the United States steel structures are usual, we 
invariably employ heavy concrete foundations together with 
rather heavy bedplates. So we feel justified in adhering to the 
old conception that the running speed is definitely either below 
or above the running speed. I may mention that our 100,000- 
kv-a., 1500 rev. per min. design still belongs to the former class, 
the large two-pole rotors to the latter. 

Another difference, not of experience, but of opinion, concerns 
the generator voltage to be chosen. While the authors favor 
raising it as high as 22,000 volts for large sizes, I prefer to keep 
to 6600 volts as far as possible and to form a working unit of 
generator and step-up transformer, the latter placed near the 
generator and joined to it through copper bars without any 
intermediate switch gear. We thus gain an extraordinarily high 
degree of electrical safety together with a high space factor for 
the slot area, the necessary reactance without leakage slots or 
the like, and practical freedom from transients. Corona pre- 
cautions can be dispensed with. By raising the potential of the 
neutral point, we obtain a simple and comprehensive protective 
system. This generator-transformer layout at 6600 volts was 
adapted for the 62,500-kv-a. Goldenberg machines and recently 
for the 90,000-kv-a. machines of the Klingenberg Station. It 
сап be used for the largest units now contemplated without 
raising the voltage above 13,000 volts. It is very likely the 
cheapest, as well as the safest system wherever step-up trans- 
formers have to be employed in any case. 


J. A. Kuyser: (communicated after adjournment) Concurrent 
with the development of large 1500 and 1800 rev. per min. sets 
in the U. S. A. has been the development of 3000 rev. per min. 
generators in Europe, culminating in alternators of 50,000 
kv-a. 3000 rev. per min. which are now put forward commercially. 

Several of the problems touched on by the authors have been 
encountered by other designers and different solutions have been 
proposed. 


The problem of the relative movement of the coil-retaining 
rings and the rotor body arose on some 18,000-kv-a. 3000 rev. 
per min. Metropolitan Vickers alternators built about 8 years 
ago which were at that time the largest alternators at that speed 
in existence. In its most severe forni the movement results in 
pieces breaking off the tip of the steel retaining ring and in 
breakage and open circuits in the top turns of the rotor winding. 
In a less severe form it is observed on smaller sets and causes 
powdering and disintegration of the miea insulation, and severe 
rust formation on the ring and rotor body due to the hammering 
at the spigot end. 
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The method adopted by the M. V. Company to overcome this 
trouble is illustrated in the accompanying Fig. 6 which is almost 
self-explanatory. A sleeve concentric with the shaft is provided 
either in one piece with the rotor body or bolted or shrunk into 
position. The rotor shaft ends are free to move inside this sleeve 
without communicating any movement to the rotor end plates 
and the coil-retaining rings. In practise all relative movement 


at the spigot is completely eliminated without the necessity of 
having heavy pressfits at this point. 
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With reference to the transposed slot conductor shown in 
Fig. 4 of the paper and the combination with transpositions at the 
coil ends, we have used this winding with highly satisfactory 
results for the past 12 years. 

With regard to the question of stator insulation considerable 
speculation has arisen on the swelling of the stator slot insula- 
tion into the radial air ducts. A very obvious method of pre- 
venting this difficulty is illustrated in Fig. 7 herewith. In 
this construction the wall of the slot is continued across the air 
duct by metal spacers and a continuous slot is obtained pre- 
senting a smooth surface to the coil. 

The authors emphasize the difficulties of obtaining large 
forgings having adequate elongation. In this connection it 
seems that the view taken is rather pessimistic. We have 
obtained many forgings up to 60 tons in weight having guaranteed 
properties as follows: 
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Ultimate tensile strength 80,000 lb. per sq. in. 
Yield point, 46,000 lb.; elongation, 20 per cent; radial, 24 per 
cent, tangential 24 per cent longitudinal. 

The properties on a test piece taken from a core trepanned 
out of the center of these forgings are on an average: ultimate 
tensile strength, 75,000 to 80,000; yield point, 40,000 to 50,000; 
elongation, 17-20 per cent, although the makers do not give 
guarantees on the latter figures. These properties are very 
satisfactory for annealed forgings of such large dimensions. 

The authors make some interesting remarks on the question 
of stability. Hitherto in discussions concerning stability the 
system characteristics have generally been neglected; as pointed 
out the percentage lighting load is of importance, but of great 
importance also is the amount of synchronous load on the system, 
since this load will contribute leading kv-a.-in case of a voltage 
drop and tend to counteract the drop. Another point of impor- 
tance is the magnitude of the load fluctuations and the rapidity of 
the load increase. We are now using in some cases a small 
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permanent-magnet generator driven at about 800 rev. per min. 
from the governor shaft to supply current to the field system of 
the main exciter. 
regulator considerably greater stability can be obtained than that 
corresponding to constant excitation. 

In ease of a unit being suddenly tripped by the Merz Price 
gear it is doubtful whether a short-circuit ratio of 0.9 will be 
sufficient to ensure that the load will be picked up by the remain- 
ing sets if the faulty unit is large compared to the remaining units. 

The difference with European practise as regards short-circuit 
ratio is not as great as the authors state. Large 3000 rev. per 
min. generators are generally designed for a ratio of 0.65; the 
lowest ratio used is 0.6. 

G. A. Juhlin: (communicated after adjournment) The 
lines of development given by the authors are in general the 
same as those which European engineers have pursued. The 
conclusions to be drawn, it seems to me, must also be those we 
have arrived at, namely, that the limiting factors in design of 
large units are no longer electrical but mechanical ones. 

The introduction of the multi-inlet ventilating system would 
enable the designer to increase the length of his machines 
almost indefinitely, were it not for the fact that other limitations, 
such as deflection of the rotor, mechanical stress in the shaft, eto., 
prevent him from increasing the length beyond certain limits. 

In connection with the ventilation scheme shown by the 
authors, it is of interest to note that the whole air volume 
required is provided by fans mounted on the rotor. 

In Great Britain separately driven fans only are used by some 
manufacturers, or a combination of small fans mounted on the 
rotor which deal with a portion of the total air volume required, 
the amount depending on the length of the machines and a 
separately driven fan supplying the rest of the air. 

Higher efficiency can be obtained from separately driven fans 
than from fans mounted direct, especially when dealing with 
large 3000-rev. per min. units. | 

For such units it would be necessary to adopt large-diameter 
rotors in order to provide sufficient inlet area for the fans. 
Such designs are undesirable from the point of view of mechanical 
stresses which become very high. 

The windage losses increase very rapidly with the diameter 
with consequent reduction in efficiency of the unit. The efforts 
of British engineers have therefore been directed towards keeping 
the rotor diameters as small as possible, hence the use of the 
separately driven fan. In some recent machines complete 
turbo blowers have been mounted and driven direct from the 
alternator shaft. | 


Trouble with swelling of the stator-bar insulation was experi- 
enced as far back as 1916, and was diagnosed as being due to 
the solvent in the bond used in building the mica folium. This 
difficulty was reduced to a negligible amount by steam-curing the 
mica wrap after it had been applied by the wrapping machines. 

Another problem which arose due to the necessity of sub- 
dividing the stator conductor into a large number of small strands 
was the difficulty of preventing looseness between the individual 
strands after prolonged operation. 


Mica tape was used as insulation and after some years opera- 
tion it was found that the individual strands were loose due to 
the bond having lost some of its adhesive properties. This 
difficulty was overcome by using very thin asbestos tape and 
treating the whole bar with a synthetic gum. 

By this means a perfectly solid bar was obtained—unin- 
fluenced by temperature as the gum used had to be treated at 
a much higher temperature than the copper would reach in 
operation, thus ensuring that the bar remained solid under 
operating conditions. Considerable credit is due to the manu- 
facturer of this asbestos tape for producing a tape thin enough 
to enable us to employ it without losing too much space in the slot. 

Non-magnetic finger plates and end plates have been used by 
British manufacturers for some years with good results. Better 
results still have been obtained by the use of copper end-plates 
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having slots at the inner periphery corresponding to the stator slots. 

The details of construction of the built-up plate rotor which 
the authors have given are extremely interesting. To have 
successfully overcome the difficulties mentioned in the paper is 
no mean achievement and reflects great credit on the engineers 
who have earried out the work. The construction is daring in 
eonception and has proved itself sound in operation over a num- 
ber of years. We in Europe are fortunate in being able to 
obtain large solid forgings with much better physical properties 
than those described in the paper. 

I agree with the authors in their statements regarding the 
fundamental basis for the working stresses. It would seem, 
however, that the statement should be qualified to take care of 
special materials such as heat-treated nickel-chrome steels where 
the yield point and ultimate tensile strength are very close to each 
other. For such materials we have adopted a factor of safety on 
the mean of the yield point and the ultimate strength of the 
materials equal to the mean factor of safety of ordinary steels. 
With reference to tests and inspection of solid rotor forgings it 
has for many years been standard practise of the company with 
which I am associated, to insist on longitudinal, radial, and 
tangential tests on all our solid forgings. 

All rotors above 25 in. in diameter have a hole bored through 
the center and a very stringent examination of the bore by means 
of a telescope and mirrors is made. If there is any doubt as to 
the soundness a special magnetic test is applied. In addition 
to this, sulphur prints are taken on the external surfaces for 
detection of segregations. 

The authors’ discussion on ‘“‘Critical Speeds” is a very valua- 
ble addition to our knowledge on this important subject. 

The influence of the flexibility of bearing supports and founda- 
tions is of special interest. Personally I have not come across 
any case where the critical speed of the set was influenced by 
the foundations, but this is undoubtedly due to the fact that 
all our machines are mounted on reinforced concrete foundations 
which, of course, are exceedingly stiff. Bearings are mounted 
in pedestals having low center and are therefore also very stiff. 

I agree with the authors as to the necessity of the rotor winding 
being seasoned until stability is obtained and in this connection 
I would suggest that the baking and pressing of the coils before 
wedging is of great importance. 

I also agree with the authors as to the necessity of balancing 
after a set has been put into operation no matter how carefully 
it has been balanced in the works. Minute changes in the rotor 
winding as well as in the alinement are bound to occur and must 
be corrected by re-balance in the field. 

Р. L. Alger: (communicated after adjournment) The 
authors have presented a most interesting and comprehensive 
survey of turbine-generator design, which strikingly exhibits the 
complexity of the modern designer’s task. Their remarks in 
regard to armature coil insulation seem to me particularly signif- 
icant of the progress being made. They state that the cause of 
insulation swelling and increase of dielectric loss with tempera- 
ture is the boiling off of the alcohol in the shellac bond of the 
mica, and illustrate the point by Fig. 6, which shows a more than 
five-fold increase of insulation temperature rise when the ambient 
temperature is raised from 60 to 100 deg. cent. This idea was 
suggested in a discussion? of Professor Whitehead’s article on 
Gaseous Ionization before the Institute in 1924. 

All experience indicates that the black-asphalt-base insulating 
varnishes have superior characteristics.to the yellow materials 
at elevated temperatures. The former retain their flexibility 
after prolonged heating, while shellac becomes brittle under like 
conditions. If the black bond described by the authors does not 
give off vapor when heated, and so does not swell, it will un- 
doubtedly retain its flexibility also, and so will be suitable for use 
in external mica insulation on the end windings, as well as in 
the slots. 


2. A. I. E. E. TRANSACTIONS, 1924, p. 124. 
Gaseous Ionization before the Institute in 1924. 
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Practise in regard to insulation of turbine-generator end 
windings has always varied greatly, some companies abroad 
using hardly any end insulation at all; others, like the authors, 
using different kinds of insulation on the ends and on the slots; 
and still others using the same insulation around the entire coil. 
Which practise is best may always remain a moot question, but 
I believe that such papers as the present are of great value in 
bringing our ideas into better accord. 

S. L. Henderson: I think Mr. Foster may have left an 
impression that I am sure he did not mean to leave, and that 
was that we really did not have any satisfactory means for 
preventing eorona. He was simply talking about the perma- 
neney of this film. We have tested the film for many hours’ 
operation at 30,000 volts to ground, in open air, and there 
has been no deterioration of the film, so that at least for that 
type of protection we feel that it has a permanent value. 

Mr. Roth asked one question as to the brittleness of the 
transformer grade of iron which is used in the stator punching. 
We have been using silicon steel in turbo-generators for over. 
five years, and there has been no indication of any teeth failing 
through the vibration. We feel that, of course, with silicon 
steel the question of stress concentration is of more importance 
than it is in the old rolled annealed steel, but we have inereased 
radii at the bottom corners of the slot to such an extent that we 
feel certain there is no danger from the amount of vibration that 
ean oceur in a stator. 

We certainly do owe a note of apology to Mr. Field for not 
having mentioned the question of oil insulation on the stator. 
However, it is a problem that we have not actively attacked; 
consequently, we could not add anything to this information 
that was already out of the problem. It certainly is not one 
that is going to be passed over. It is of interest in the high- 
voltage machines, and it has oceurred to us many times in the 
last two years during the period that we were considering high 
voltages. After all, oil insulation would be a solution of many 
diffieulties of high-voltage stators. 


There are many mechanical difficulties in applying oil to the 
stator. It is necessary to devise some means of keeping the oil 
from the rotor; otherwise, the friction would be enormous. 
Consequently, we must find some barrier that will eontain the 
oil around the stator that will be tight and mechanically strong, 
and that is rather a big problem. 


C. R. Soderberg: Referring to Mr. Behrend’s discussion, 
I should like to point out that his deseriptions of rotor explosions 
show very clearly the need of seientifie analysis of the stresses in 
the rotor structure. The fact that a manufacturer of machines 
of this kind has been fortunate enough to avoid failures for a 
considerable period of time certainly is very comfortable, but I 
wish to point out that it is dangerous to assume that this is a 
conclusive evidence of infallible design and construction methods. 
The problem of failures always involves an element of chance, 
and the designer who has been consistently fortunate may be 
next in turn. | 

The change in our rotor-plate material has proceeded through 
two steps. The start of the development was made on account 
of certain more or less unsatisfactory properties of the stock 
material to which Mr. Behrend referred. It was not as uniform 
as might be desired, and 1t was impossible to raise the strength 
above a certain limit. The first step consisted in forging the 
plates from a cylindrical ingot and rolling it in a tire mill. By 
this method we obtained a plate without a hole in the center 
with considerable improvement in elastic properties, as compared 
to the old material. If I remember correctly, the maximum yield 
point, which we could obtain with satisfactory ductility, was 
between 40,000 and 50,000 lb. per sq. in., as compared to about 
35,000 lb. per sq. in. in the old material. The material de- 
seribed in our paper was then developed, and here it was possible 
to obtain outstanding strength and ductility. 

As pointed out by Mr. Merten, the only method of utilizing 
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disks which admits of a uniform temperature diffusion. 
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carbon steels is by improvement in the heat treatment. Fully 
satisfactory heat treatment is possible only with a shape of the 
Thus, 
the hole in the center is necessary in order to raise the elastic 
properties and the ductility of the material. Of course, it is - 
quite true that the stress in the center is increased by cutting the 
hole, but the existence of a certain stress is not in itself objection- 
able if its magnitude is known with certainty, and if it ean be 
controlled to correspond to the properties of the material. The 
advantage of the solid disk, having a stress at the center, which 
is theoretically one-half of that in a pierced disk, appears to me 
somewhat doubtful. If the uncertainty of the material at the 
center of a solid disk, and the risk of microscopic cracks, are 
taken into account, it would seem that the disk with a central 
hole is preferable. 

Referring to the discussion by Mr. Roth, I should like to 
mention that non-magnetic materials for retaining rings have 
been under consideration. Such materials are in use and appear 
satisfactory from the designers’ point of view except for the fact 
that they are very difficult to machine. 

Referring to the discussion by Mr. Field I wish to repeat the 
statement made by Mr. Henderson, that the authors ‘very ` 
deeply regret the omission of the oil-cooled stator. The possi- 
bilities of oil cooling are obvious, but the difficulties of the 
mechanical design certainly appear formidable in comparison 
with those encountered with hydrogen cooling. I wish to 
point out, however, that the opinion of a man of Mr. Field’s 
experience should receive due consideration, and it may be that 
when the problem is studied somewhat more closely, these diffi- 
culties may be found less discouraging. 

Mr. Merten’s discussion contained a reference to micro- 
photographs. The microphotographs in our paper, more than 
anything else show the great improvement in the grain structure 
of the rotor material that we are now using, as compared with the 
old materials. 

I think that Mr. Williamson’s point on the question of un- 
expected cracks or weaknesses is very well taken. If we had 
complete knowledge of the failures that have occurred, I believe 
we would find that their occurrence very rarely can be attributed 
to too high values of the calculated stresses, but nearly always to 
unexpected faults in the materials. 


Mr. Williamson’s remarks on retaining rings is also very 
important. There is a very natural tendency on the part of the 
designers to raise the strength (the yield point) of the material 
at a sacrifice of ductility. While the theoretical value of the 
factor of safety may be increased, we may actually obtain a 
structure which is less safe than one having a material of a lower 
yield point. At the same time I wish to point out that in the 
retaining-ring material in use at the present time by the Westing- 
house Company, and by other manufacturers, the ductility is 
actually superior to that of previous materials having a lower 
yield point. Thus, we have improved both the strength and the 
ductility and this is, of course, a logical procedure. 


Referring, finally, to the discussion of Dr. Pohl, I wish to add a 
few remarks on the formula for actual factor of safety in cases of 
variable stresses, which was given in our paper. This formula 
is arbitrary only in the sense that the somewhat erratic experi- 
mental results available on this subject have been interpreted in 
a manner giving, in some cases, a slight amount of added safety. 
I refer to the replacement of the Gerber parabola by a straight 
line, joining the endurance limit and the yield point. An 
explanatory footnote on this formula will be given in further 
publication of the paper. The endurance limit is considered as 
the limiting amplitude of reversing stress, which ean be applied 
in straight tension and compression an infinite number of times 
without failure. The available investigations on this subject 
seem to indicate that, for steels, there is no difference in the 
endurance limit when the number of reversals considered is 
greater than 10 X 10°. 
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Synopsis.—The paper presents a brief résumé of the problems 


encountered in the design of two-pole high-speed synchronous motors 
together with a description of how they are met. A satisfactory 
design is worked out. The theory of the starting winding is given 
briefly in non-mathematical language, and curves are presented 


INTRODUCTION 


HEN there came a demand for large 3600-rev. 
per min. synchronous motors, it was apparent 
that it emanated chiefly from manufacturers 

of centrifugal compressors. In this application high 
speed is essential in keeping down the number of stages 
and the weight in the compressor. Steam turbine 
drives are used to some extent, and on the smaller sizes, 
induction motors have been used. The steam turbines 
are very satisfactory where a suitable supply of cheap 
steam is available, but frequently the source of steam 
is too remote. In most cases, 60-cycle electric power 
is readily available. 

It was natural, in designing the high-speed syn- 
chronous motors, to turn to the already existing two- 
pole turbine alternators, which have specially designed 
features to make them suitable for high speed operation. 
The essential mechanical features of this type of genera- 
tor are determined by the high centrifugal stresses 
involved, which make a small diameter imperative for 
the rotating elements. In order to get the required 
volume of iron into the rotating element, it is thus 
necessary to use a relatively long machine. This makes 
a long shaft necessary, and, when the rotor is of lam- 
inated construction, the shaft cannot be of large 
diameter on account of the stress at the bore in the 
punchings. With this in mind, the designer must 
obtain a proper balance between the unit stresses in 
the various rotating parts, at the same time maintain- 
ing sufficient stiffness in the shaft to insure smooth 
operation. The electrical requirements are to maintain 
a proper balance between the various flux densities and 
current densities, so that heating within the guarantees 
will be assured, and to obtain as high an efficiency as is 
compatible with reasonable cost. The various com- 
promises thus utilized are to a considerable extent 
matters of experience. 

It can readily be seen that a large part of the problem 
had already been solved by using the existing high- 


*Industrial Engg. Dept., General Electric Co., Schenectady, 
N. Y. 

tTurbine Generator Eng., 
Lynn, Mass. 

Presented at the Winter Convention of the A. I. E. E., New York, 
N. Y., February 18-17, 1928. 


General Electric Co., West 


IVAN Н. SUMMERSt 


Associate, A. I. E. E. 


and 


showing the results obtained in so far as current and torque are 
concerned. It also outlines the applications in which these motors 
have been used, pointing out both the advantages and the limitations 
of synchronous motors. This is followed by a description of the 
operating characteristics and of the method of controlling the motors. 


speed turbine alternators as a starting point. The 
available turbine alternators were of the type which 
had laminations for the rotating elements pressed on a 
steel shaft. These laminations had radial slots in 
which the polar field windings were wound, and these 
in turn were held in place in the core portion by metal 
retaining wedges placed in suitable wedge slots just 
above the polar windings. The polar windings were 
held in place on the end portions by steel retaining rings. 
By employing these special structural features, 
coupled with appropriate starting windings and changes 
in the electrical design, synchronous motors can be 
made having starting characteristics comparable with 
those of induction motors. 

Although the two-pole synchronous motors are 
usually built for operation at unity power factor, a few 
have been built for operation at leading power factor. 
The design of motors for 0.9 or 0.8 power factor rating — 
does not involve difficulties because the construction 
of the amortisseur winding leaves sufficient space in 
the rotor slots for a field winding of adequate capacity. 

The problem of designing suitable starting windings 
for two-pole synchronous motors is much more difficult 
than in the case of squirrel-cage induction motors, 
principally because the short-circuiting rings must not 
in any way interfere with the polar field windings. 
Various schemes were proposed; one consisted of making 
two crown rings of bronze or copper slotted from con- 
tinuous cylinders, then passing these over the polar 
windings and uniting the ends by a special brazing 
process or by electric welding. Another scheme for 
the starting winding was to insert bars of bronze or 
hard copper as slot wedges above the polar windings and 
properly connect these to low-resistance end rings 
consisting of annular plates just outside the end portions 
of the polar winding. The first scheme was impractical, 
due to the great difficulty of making a successful joint 
in the middle of the field core. It made the repair of the 
polar windings impossible, except by destroying the 
starting winding, and, finally, it occupied valuable 
space needed for the polar windings. The second 
scheme was actually tried out successfully. But in this 
case, also, the starting windings occupied some of the 
space required for the polar windings, and, while the 
joints with the short-circuiting rings were simpler, 
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they were difficult and expensive to make. The plan 


finally adopted was to utilize the space at the thick 


ends of tbe teeth between the rotor slots. In carrying 
out this scheme the teeth are sufficiently cut away, as 
shown in Fig. 1, to provide room for two thin but deep 
conductors at the sides of the slots. Each of these 
flat conductors is folded over and joined outside the 


соге ends to a flat copper or bronze disk which con- _ 


stitutes a very satisfactory end ring. Not only are 
two of these flat conductors employed in each winding 
slot, but extra slots are provided in the polar section, 
thus making the starting winding continuous about the 
entire periphery of the rotor; a condition difficult to 
obtain on a salient pole machine. In assembling this 
form of starting winding, the ends of the flat bars are 
temporarily held in the end plate by screws, and then 
the joints are perfected by a very carefully made 
junction of silver solder which has а melting point of 
approximately 660 deg. C. This arrangement of bars 
and end rings, in conjunction with the specially ar- 
ranged wedges, provides an excellent starting winding. 
Since the bars are inserted in the field core before the 


Fic. 1—ARRANGEMENT OF PoLaR WINDING, STARTING 
WINDING AND WEDGES IN Котов or Two-PoLE SYNCHRONOUS 
Moror 


insulated polar winding is assembled, the latter can 
. be repaired at any time without disturbing the former. 
Proceeding along these lines, it was found possible to 
get enough copper into the starting winding to give a 
d-c. resistance of approximately one-half of 1 per cent. 
The starting winding is shown in Fig. 2, which indicates 
clearly how the winding is connected to the end rings. 
Fig. 3 shows the field windings and the starting winding 
assembled in the rotor without the steel retaining rings. 

The first two two-pole 3600-rev. per min. motors, 
built with this form of starting winding, were rated 
2550 hp., and were installed in a plant in the Andes 
Mountains at an elevation of 14,000 ft. 


THEORY 


It is not within the scope of this paper to develop a 
mathematical theory of the starting characteristics. 
Such a theory has been worked out and will be briefly 
described in non-mathematical terms. Curves of 
torque and current calculated by means of this theory 
have been found to check approximately with the test 
curves. | 

Referring again to Fig. 1, it will be seen that the 
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squirrel-cage bars are relatively deep. With this con- 
struction, the effect of the leakage flux at 60 cycles is to 
cause an uneven distribution of eurrent density, con- 
centrating it at the top of the slot. This causes an 


-increase in the effective resistance of the bar, and a 


decrease in the reactance. This effect can be calcu- 
lated by well-known methods applied to rectangular 


Fig. 2—View or Unwounp Rotor or Two-Po.e, 3600- 
Rev. PER Min. Ѕүмснвомосѕ Moror, SHOWING CONSTRUCTION 
or STARTING WINDING 


bars in rectangular slots with open tops."*3 For these 
motors, it was found that the effective resistance of the 
bars at 60 cycles was approximately twice their d-c. 
resistance. 

We come now to consideration of a particularly 
interesting feature of the starting winding. It was 
considered necessary to make the retaining wedges 
above the polar winding of short sections, each section 
being insulated from the other. This was necessary 
to prevent currents from flowing axially along the rotor. 
Such currents might cause dangerous burning unless 
proper connections were provided at the ends of the 
rotor to confine them, and it is difficult to do this with- 
out interfering with the accessibility of the polar 
windings. However, even though these wedges con- 
sist of short sections insulated one from another, they 
still possess the essential features of a dead conductor 
placed above a current carrying conductor in a slot. 
That is, the leakage flux from the starting winding 
can induce a voltage in the wedges which will cause a 


Fic. 3—CoMPLETELY Wounp SvNcHRONOUS Moror FIELD 


BEFORE RETAINING RINGS ARE SHRUNK ON 


current to flow axially along the top of the wedge and 
return along the bottom, a complete circuit taking 
place in each wedge section. Theories of this action 
have been worked out by various authors.? It was 
found advisable to employ two kinds of wedges, some 
being of steel and some of an extruded metal. Various 
effects have been obtained by using alternately steel 
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and non-magnetic wedges in different proportions. 
By thus varying the proportions of the two materials, 
different effective resistances and reactances can 
be obtained. The effect of a steel wedge above the 
starting winding is to increase the reactance by pro- 
viding a path of lower permeance for the leakage flux; 
and to increase the resistance by contributing a heat 
loss caused by the eddy currents induced in the wedge 
by the leakage flux. The action is like that of a tertiary 
winding in a transformer, except that saturation is 
present in the wedge-leakage paths to a large degree 
and modifies the results considerably. 

The method of calculation is to ascribe the additional 
resistance and reactance to the starting winding, al- 
though the flux causing the additional reactance cuts 
the wedge, and the resistance loss actually takes 
place in the wedge. By thus fictitiously placing the 
reactance and resistance in the starting windings, the 
motor starting characteristics can be caleulated in the 
usual way with little difficulty. The start of the cal- 
culation is made by assuming a current in the starting 
winding. This determines the m. m. f. in the leakage 
paths and thus determines their degree of saturation. 
When this is known, it is easy to calculate by known 
methods? the leakage flux and get the effective resis- 
tance and reactance of the starting winding caused by the 
wedge. The effective resistance of the starting winding 
itself, due to its own non-uniform current distribution, 
ean be determined in the usual way. The effect of the 
end ring is usually small but it may be included and thus 
the total effective resistance and reactance of the rotor 
for that particular frequency and applied voltage may 
be determined. Using these, the current which would 
flow in the starting winding is found. If it does not 
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check with the value assumed, it is necessary to make 
a new assumption and repeat the process until a suffi- 
ciently close check is obtained. Points for different 
voltages and frequencies must be obtained separately 
because the constants depend on both. Thus the 
torque is not necessarily proportional to the square of 
the applied voltage, nor is the current necessarily 
proportional to the applied voltage. 
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STARTING CHARACTERISTIC CURVES 


Torque and current curves which were taken by 
test on a 1500-hp. 3600-rev. per min. motor, are found 
in Figs. 4-5 for different applied voltages. These 
curves clearly show how the current and torque vary 
with voltage and speed. 
torque is maintained up to a point very close to the 
synchronous speed. The slope of the torque curves, 
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Fic. 5—TorQUE-SPEED CHARACTERISTICS OF Two-POLE 


SYNCHRONOUS MOTOR AT VARIOUS VOLTAGES 


from this point to synchronism, is very great and a 
measurement of the slope near synchronism indicates 
that the d-c. rotor resistance is about one-half of 1 
per cent, as calculated. The fact that the torque is 
maintained to a speed so close to synchronism makes it 
comparatively easy to synchronize the motor. A 
consideration of the theory, described above, indicates 
that these torque and current curves could be changed 
materially by changing the proportions of steel and non- 
magnetic material in the slot wedges. Calculations in- 
dicate that at standstill the rotor resistance and re- 
actance are each of the order of ten times the value 
calculated for direct current flowing in the starting 
winding. ‘This shows how greatly the characteristics 
depend on the retaining wedges during the first part 
of the starting cycle. 


HEATING 


When a synchronous or induction motor is started 
by means of a squirrel-cage winding from zero speed to 
synchronous speed, it may be readily proved that the 
heat generated in the rotor over the total cycle is 
practically independent of the construction of the 
starting winding. This heat energy is equal to the 
stored energy of the rotating parts at synchronous 
speed, plus an amount represented by the area of a 
curve obtained by plotting the products of slip and load 
torque against time over the whole starting cycle. It 
was found in some actual cases that the kinetic energy 
of the rotating mass was equal to about 80 per cent of 
the total heat lossin the rotor. Thus, it is evident that 
a high amount of inertia inevitably causes a heating 
problem which cannot be ignored. Furthermore, it is 


It will be noted that the © 
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impossible to reduce the amount of heat to be stored in 


the rotor by any change in the construction of the - 


starting winding. . 

One of the ways in which this problem was. con- 
sidered was as follows: 

The rate of heat flow into the rotor having been 
determined by the above means, Fourier’s heat equa- 
tion was integrated, considering the rotor to be a 
massive cylinder with heat applied to the- surface. 
In such a case, it is theoretically possible to determine 
the temperature rise at the surface, at the end of any 
given time. This gives.a result which is independent 
of any method of construction of the starting winding 
and serves to indicate the limiting condition. Such 
results, however, must be modified empirically, due to 
the actual construction being different from the assump- 
tion. It has been found possible to get a fairly good 
idea of the temperatures to be expected by this means, 
but some judgment is required in applying the results. 
Machines undergoing test have been put through severe 
starting cycles, and then opened up and examined 
carefully. Such examinations have shown that no 
damage of any kind has resulted to any of the motors 
as a result of tests considerably more severe than their 
usual starting requirements. If more than one starting 
cycle is to be considered, it is evident that careful 
consideration must be given to see that sufficient time 
is allowed for re-distribution of the heat generated, in 
order to avoid undue accumulation of heat. Special 
methods of ventilation would be of little value in re- 
ducing the temperature of the starting winding because 
the heat is generated at such a rapid rate that a flow of 
heat into the steel mass of the rotor must be depended 
on rather than convection to keep the winding cool. 
As a result of these studies, it has been found quite 
feasible to synchronize, without exceeding safe tempera- 
tures in the rotor, 3600-rev. рег min. compressors 
requiring a starting torque of 30 per cent, and a pull-in 
torque of 50 per cent, and having а W R? of 2 lb-ft. 
squared per hp. of motor rating. While somewhat 
greater values of W К? per hp. may be successfully 
started, the heating difficulties are then more serious. 


SYNCHRONOUS CHARACTERISTICS 


The synchronous characteristics of the two-pole 
motors are similar to those of lower speed salient pole 
machines. Since the amount of excitation required by 
any synchronous motor is a function of the number of 


poles, the excitation required by two-pole synchronous | 


motors is of course very small. A 2500-hp. 0.9-power 
factor 3600-rev. per min. motor, for example, requires 
only 13.5 kw. Efficiencies of about 94.5 per cent 
have been obtained for 1250-hp. rating, and about 
95.5 per cent for 3000 hp. rating, while slightly higher 
figures apply to larger sizes. Windage losses, which are 
included in calculating the efficiency, account for these 
results not equalling those of lower speed machines. 
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APPLICATION 


Several large two-pole synchronous motors have 
been built within the past five years, and these are 
operating successfully. However, the range of ap- 
plication has so far been quite limited. This is due 
in part to the constant speed limitation of the syn- 
chronous motor and possibly to the fact that very 
meager data have been published on the design, con- 
struction, and operating characteristics of motors of 
this type. 

In sizes smaller than 800 to 1000 hp. at 3600 rev. per 
min., the synchronous motor is hardly competitive 
with the squirrel-cage or the wound rotor motor unless 
the need of power factor improvement justifies a 
higher first cost. With increasing size, however, 
the comparative cost of the synchronous motor im- 
proves, and this brings the synchronous motor into 
consideration for drives requiring greater power. 
Wound-rotor induction motors of several hundred hp. 
at 3600 rev. per min. have been built, and such motors 
up to 2000 or 3000 hp. have been considered. Their 
application, however, depends on the solution of the 
problem of handling large currents at the collector rings. 


Sa 
у Вече 


Fic. 3600-Rev. Per Мих. SYNCHRONOUS 


6—1750-НР., 
Motor DinEscr-CoNNECTED TO CENTRIFUGAL COMPRESSOR 


For large capacities, therefore, the choice is limited 
to the synchronous motor, the squirrel-cage induction 
motor, and the steam turbine. As the power factor of 
induction motors is always substantially below unity, 
large induction: motors must be supplemented by cor- 
rective devices to make them comparable with syn- 
chronous motors. | 

At the present time, as nearly as we can ascertain, 
the largest two-pole, 60-cycle synchronous motor in 
operation is rated 2550 hp. This, however, does not 
represent the limit of sizes that can be built with the 
present construction. Designs have been made for a 
^/000-hp. 60-cycle motor and a 4000-hp., 1500-rev. per 
min., 25-cycle motor. | 

In most of the processes to which a two-pole motor 
could be applied, the suitability of a constant speed 
drive must be determined by the requirements of the 
individual installation. The two-pole synchronous 
motors now in service are used to drive centrifugal 
gas boosters or to drive centrifugal air compressors in 
connection with sewage disposal or copper refining 
processes. 
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The flotation process, for the recovery of copper 
from low-grade ore, requires a large volume of air at 
low and constant pressure and furnishes a steady load. 
For this service the constant speed of the synchronous 
motor is suitable. The high efficiency and favorable 
power factor of the synchronous motor may, therefore, 
be utilized to advantage. Copper converters also 
require air at approximately constant pressure and 
volume, except during the intervals required for empty- 
ing the converter. A number of two-pole synchronous 
motors are now in use for “blowing” these converters. 

The “activated sludge” system of sewage disposal 
consists of blowing air through a porous medium into a 
sewage tank. The required pressure increases as the 
action proceeds, but the reduction in air flow offsets this 
pressure increase to such an extent that a constant 
speed motor may be applied. 

Gas boosters, on the other hand, are frequently 
required to operate over a wide range of pressure and 
volume. In some cases, where the density of the gas 
varies, speed variation becomes a necessity in obtaining 
the required pressure. However, synchronous motor 
drive has been found satisfactory in several booster 
installations, compressing gas of fairly constant quality. 
Large compressors have been used as basic units, the 
variations in demand being cared for by smaller 
machines which may be operated at adjustable speeds. 


Another method involves the use of several two-pole. 


synchronous motors, which are started and stopped in 
accordance with an output requirement which follows 
a fairly regular cycle through the day. If the explosion 
hazard is sufficient to warrent the use of special safe- 
guards, the collector rings or the complete motor may be 
enclosed. 

For high-pressure pumping the tendency has been 
to use higher speed to obtain the pressure that would 
otherwise require an excessive number of pump stages. 
Synchronous motors at 3600 rev. per min. have been 
considered for driving boiler-feed pumps in high- 
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pressure steam plants, although the general practise 
calls for a motor which will allow 15 to 25 per cent 
speed reduction. However, two-pole constant-speed 
motors have been applied to this service. This would 
indicate that speed variation is not always essential 
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for boiler-feed pumps. In such cases, a synchronous 


motor with suitable torque characteristics may be 


considered. For an essential drive, such as a boiler- 
feed pump, it is necessary to consider the reliability 
of the synchronous motor and its operating character- 
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istics under unusual conditions, as well as its cost, 
efficiency, and power-factor. These points will be 
discussed later. 


OPERATING CHARACTERISTICS 


Since the two-pole synchronous motors are of large 
ratings and necessarily have low reactance, it is im- 
portant to design the control equipment to start and 
accelerate the motor with the lowest possible inrush. 
Considering only the motor, full voltage starting might 
be used, since these motors are capable of withstanding 
a direct short circuit. The long end turns of the stator 
coils (Fig. 7) are tightly blocked to prevent movement, 
and severe factory tests have failed to disclose any in- 
jury to the coilsafter repeated short circuit at full voltage. 
However, the limitations of the power supply usually 
require reduced voltage starting, and frequently make 
it advisable to use two reduced voltage steps, approxi- 
mately 45 per cent and 70 per cent of rated voltage, 
before applying full voltage to the stator. 

Fig. 8 shows the torque-speed and current-speed 
curves of a 1500 hp., 3600-rev. per min., 60-cycle motor, 
based on the use of a two-step reduced voltage starter, 
together with a typical torque-speed curve for a cen- 
trifugal compressor with the discharge gate closed. 
Although the shape of the torque-speed curve of the 
motor may be modified to givelowerbreak-away torque 


апа higher torque at intermediate speeds, this change 


would result in a greater starting current. 

The motor torque curve is therefore made to cor- 
respond roughly with the load requirements by means 
of starting connections as shown in Fig. 9. The neu- 
tral point of the auto transformer is closed by switch 
C. After closing the line oil-circuit breaker F and 
the compensator breaker E, a voltage approximately 
40 per cent of normal is applied to the motor 
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through switch A, which connects the motor to the 
taps of the auto transformer. After accelerating 
to about 70 per cent of synchronous speed, breaker A is 
opened, and breaker B is closed, increasing the voltage 
to approximately 70 per cent of line voltage. If the 
blower load is not too great, the motor may be syn- 
chronized at this voltage by applying excitation to 
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DORFER CONNECTION FOR THE TRANSFER TO FULL VOLTAGE 


the field. The transfer to full line voltage is made with 
the Korndorfer connection, by which an interruption 
of power is avoided. The compensator neutral is 
opened, and the running breaker is closed before 
opening the compensator breaker. During the first 
transfer, in which power is momentarily interrupted, 
the transient inrush following the transfer is consider- 
ably reduced by the reactance of the auto transformer. 
However, when changing to full voltage, it is desirable 
to maintain the circuit. A high current might other- 
wise flow, limited only by the transient reactance of 
the motor. It is of interest that, when opening the 
high tap B, before closing the line breaker D, there is 
practically no change in the voltage across the motor 
terminals. The upper section of the auto-transformer, 


serving as a series reactor, limits the voltage to the 


same value or even a slightly lower value than that 
previously obtained with the neutral point of the com- 
pensator closed. 

If the motor is synchronized before transferring to full 
voltage, it becomes essential to avoid opening the circuit 
when making this transfer. If power were interrupted, 
the motor speed would drop so quickly that the motor 
would probably be unable to re-synchronize. 
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By using two taps of the compensator, and the Korn- 
dorfer connection when changing to full voltage, the 
current drawn from the line can usually be limited to 
about 300 per cent of the rated current of the motor. In 
most installations of large two-pole motors, the limita- 
tions of the power supply require approximately this 
restriction of the motor current when starting. 

Where such restrictions are not necessary, and a high 
starting current is allowable, the use of a series reactor 
provides a simpler and less expensive control, by 
reducing the number of oil-circuit breakers and eliminat- 
ing many of the interlocks and relays required for the 
two-step auto-transformer starter. In Fig. 10 will be 
found a study of starting characteristics of the 1500- 
hp. motor with a two-step reactor starter. These 
curves are based on the use of 15 per cent external 
reactance, which is reduced to 8 per cent when the 
motor reaches 70 per cent speed. The torque-speed 
curve is generally similar to the curve of Fig. 8, repre- 
senting starting characteristics with compensator start- 
ing. The line current, however, is considerably higher. 
Except in locations where an exceptionally large power 
supply is available, this fact would probably rule out 
the reactor-type starter. 

For some installations, the use of a permanent series 
reactor has been proposed. This arrangement is 
practical, but will involve a greater current inrush than 
either of the starting arrangements just described. 
Referring again to the 1500-hp. motor curves (Fig. 10) 
the permanent reactance must be less than 10 percent to 
insure keeping the motor-torque curve above the load 
requirement. The starting current would then be 
approximately 500 per cent of full-load current. 
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The accelerating duty required of a 3600-rev. per 
min. motor is severe, and requires careful study. 
The rotor of a two-pole motor, whether synchro- 
nous or squirrel-cage is physically smaller than 
that of а lower-speed motor of equal hp. With а given 
amount of heat to be dissipated in the rotor, the tem- 
perature rise is necessarily greater. Ordinarily, the 


Feb. 1928 


motors are started only once a day, or even less fre- 
quently, but provision should be made for repeated 
starting under emergency conditions. Where the 
driven machine is a centrifugal air compressor, or a 
gas compressor of average design having approximately 
2 ]b-ft.? inertia per hp. at 3600 rev. рег min., motors 
can be designed to start twice in succession without 
dangerous heating of the rotor or the stator. The time 
interval between starts is important. Obviously a 
longer time interval allows more cooling as well as a 
better redistribution of heat between the two complete 
starting cycles. 

Due to the unusual torque characteristics of the motor 
just below synchronous speed, as previously described, 
the synchronizing is easily accomplished in spite of the 
high inertia of the average centrifugal compressor. 
If a rotating machine is to be pulled into step from a 
sub-synchronous speed, its kinetic energy must be 
increased by an amount corresponding to the difference 
in speed, and this energy must be supplied in a time 
corresponding to less than one-half cycle at slip fre- 
quency. It is therefore important to reduce this slip to 
а minimum, to insure proper synchronizing and to 
limit the current peak which the motor may draw 
momentarily. Since the two-pole synchronous motor 
will develop approximately full load torque when 
running as an induction motor at 99 per cent speed, the 
centrifugal compressor load can be accelerated to a slip 
of about one-half of one per cent, and the change from 
induction-motor operation to synchronous operation 
is made with very low current inrush. 

The use of a synchronous motor on any essential 
machine, where an outage of a few minutes may be 
serious, immediately raises a question regarding the 
operation of the motor under unusual conditions, such 
as momentary loss or dip of line voltage or failure of exci- 
tation voltage. With suitable torque characteristics, the 
synchronous motor can be arranged to continue opera- 
tion after a momentary loss of a-c. power, but the 
control must be supplemented by additional devices to 
accomplish this result. 

In general, if a synchronous motor falls more than a 
few per cent below synchronous speed, due to a momen- 
tary voltage drop, it will not re-synchronize upon return 
of voltage. But, if the d-c. excitation can be 
removed, and the oil-circuit breaker in the armature 
circuit remains closed, the motor can re-synchronize 
provided the squirrel-cage torque at sub-synchronous 
speeds just below synchronous is sufficient to carry the 
load. The characteristic curve of the 1500-hp. motor, 
if plotted on the basis of 100 per cent voltage, would 
show approximately 150 per cent torque at 98 per cent 
speed, and 180 per cent torque at 75 per cent speed. 
Thus the torque near synchronous speed is sufficient 
to enable the motor to accelerate, upon return of full 
voltage, and re-synchronize with full load on the driven 
machine. With automatic starting it would be ad- 
visable to allow full voltage to be applied immediately 
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after a momentary voltage failure, rather than to go 
through the usual starting steps, with the resulting 
loss of time and reduction of speed. With a centrifugal 
blower load or a pump load, and an external W R? of 2 
lb. ft.? per hp., the motor would drop to 94 per cent 
speed in one sec., after failure of voltage. If the time 
delay of the undervoltage device is limited to one or one 
and one-half sec., the motor can still be re-started with- 
out an excessive current inrush. If continuous operation 
is essential, it is necessary to resort to this procedure in 
emergency cases, although the current inrush would be 
higher than that normally allowed for starting. The 
use of a time-delay undervoltage device on the line 
breaker is not in itself sufficient to insure continuous 
operation of the synchronous motor during voltage 
dips, even of short duration. 

The problem of removing excitation and of re- 
synchronizing at the proper time requires additional 
relay equipment and careful consideration of the effect 
on the supply voltage which these operations will cause. 

If the field excitation is lost, the two-pole synchronous 
motor can operate for a very limited time as an in- 
duction motor, without overheating. Continued 
operation without excitation is not possible with the 
present designs. The use of these motors for essential 
service consequently requires a dependable source of 
direct current for excitation, or an alternative source, 
to which a transfer can be made quickly. 

Various methods are available for removing excitation 
if the synchronous motor falls out of step, and for re- 
synchronizing after short-time interruption. However, 
the devices required to accomplish these steps make the 
control more complicated than the control required for 
the same type of service with induction motor drive. 

The design of the two-pole synchronous motor 
permits the use of a large air-gap without requiring a 
high excitation current. An air-gap clearance of one- 
half inch or more is used in the larger motors. The 
use of forced lubrication for the bearings is an added 
assurance of successful operation from the mechanical 
standpoint. 

If the motors are designed to operate at leading 
power factor, then, in addition to the advantage of 
power factor improvement, an increase in maximum 
synchronous torque is obtained. The pull-out torque 
is increased from approximately 150 per cent of full- 
load torque, for unity power factor operation, to 200 
per cent or more for motors operating at 0.8 leading 
power factor. With 200 per cent available torque at 
rated voltage, the motor can carry full load momen- 
tarily with line voltage as low as 50 per cent of normal. 


CONCLUSION 


The problems involved in the design and application 
of two-pole synchronous motors have been outlined so 
as to indicate the applications for which these motors 
are best adapted, and also to indicate their limitations. 
It is believed that there are other possible uses to which 
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these motors have not yet been applied, and it is hoped 
that this paper will contribute to an understanding of 
the field of usefulness of the two-pole synchronous 
motor. 

The authors wish to acknowledge their indebtedness 
to Mr. W. F. Dawson, under whose supervision these 
motors were developed, and who has contributed 
material for the introduction. 
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Discussion 


M.D. Ross: The paper by Messrs. MeLenegan and Summers 
is the first adequate paper dealing with the two-pole synchronous 
motor. A great deal has been written in Europe on the subject 
of the synchronous induction motor which uses a non-salient pole 
rotor, but neither the proportions nor the performance of the 
synchronous induction motor are comparable to the machines 
described. The construction of the two-pole synchronous motors 
is not new. As early as 1910, the company with which I am 
associated built a 750-hp., 2-pole, 3600-rev. per min. motor to 
drive a centrifugal blower. As stated by the authors, the 
_ application of these motors has been limited, which probably 
accounts for the lack of information to be found in technical 
magazines. 

It has been our practise to build two-pole turbine generator 
rotors using solid forgings into which radial slots are machined to 
take the windings. The solid forging of the rotor is capable of act- 
ing asa damper winding, and the standard turbine generator can 
be redesigned for operation as a self-starting synchronous motor. 
Eddy currents are set up in the surface of the steel forging during 
starting, which produce ample torque for starting. The flux 
linking the rotor is confined to a relatively small depth on the 
surface of the rotor due to the well known skin effect. This 
effect is shown by the low voltage induced in the field winding 
during starting, indieating that very little flux links the field 
winding, but rather crosses the tops of the rotor slots. As the 
slip frequency decreases, the flux and eddy currents penetrate 
deeper into the rotor, thus giving the desirable effect of a high 
resistance damper winding at standstill with a high starting 
torque and a low resistance damper winding near synchronous 
speed which will allow the rotor to accelerate to a low slip. 

The synchronous motor rotor differs from that of the generator 
only in that the steel retaining rings over the rotor coil ends are 
insulated from the rotor body to prohibit heating at the contact 
surface between them due to eddy currents. A number of 
synchronous motors has been built with this rotor construction, 
which has given entire satisfaction and has the advantage of ease 
of construction. Since no special damper winding is required, 
the amount of rotor copper is not reduced in the motor desigh. 

The number of successive starts a motor can satisfactorily 
make depends largely upon the heat storage capacity of the rotor 
as the proportion of the heat absorbed by the cooling air during 
the starting cycle is relatively small. In tests of two 2700-hp., 
4-pole, 1800-rev. per min. motors in which the above construction 
was used, it was found that the heat generated during the start 
had distributed itself nearly uniformly through the rotor by the 
time the rotor came to rest due to the good heat conductivity 
of the solid rotor forging which allowed the losses to escape from 
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the surface of the rotor to the center in a relatively short time. 
Dangerously high temperatures cannot therefore be expected 
to build up on the rotor surface during several successive starts, 
provided the total heat storage capacity of the rotor is large 
enough. 


One interesting feature of these motors which the authors 
have not mentioned is the absence of pull-in torque with no field 
excitation. A salient pole synchronous motor will pull into step 
without excitation if it is not too heavily loaded due to the 
difference of reluctance of the magnetic paths through the polar 
and inter-polar parts of the rotor. The difference in reluctance 
between the slotted portion of the rotor and the solid pole 
center is quite small and the two-pole motor will not synchronize 
under load unless excitation is applied. 


Due to the relatively low reactance of the two-pole motor 
and its rapid drop in speed when disconnected from the power 
circuit, the design of control equipment for these motors is more 
difficult than for slower speed motors. When auto-transformers 
are used, we have so designed them that the motor is connected 
to the auto-transformer taps through balance coils, so that taps 
ean be changed during starting without opening the circuit. 
The motors are usually started on about 40 per cent voltage, 
transferred to 60 per cent voltage, and are synchronized after 
transferring to full voltage. 


The reactor method of starting described by the authors has 
the advantage over auto-transformers of much lower control 
eost and somewhat smoother operation during starting and can 
be used to advantage where the source of supply will allow the use 
of the higher starting current involved. 


It is to be hoped that a better understanding of the perform- 
ance of the two-pole synchronous motor by engineers interested 
in motor drives as brought about by papers such as the one under 
discussion, will open up new fields of application. 


A. B. Owen: As the authors have indicated, the demand for 
3600-rev. per min. synchronous motors comes almost exclusively 
from builders of centrifugal blowers and compressors. For 
such service this speed is as a rule too slow, as turbine-driven 
blowers for such applications as gas boosters are run at speeds of 
10,000 to 20,000 rev. per min. However, it is the highest speed 
at present available in 60-cycle motors and hence the blower 
manufacturer must design on that basis. In centrifugal blowers 
and compressors, the pressure is developed by using high tip 
velocities to impart high velocities to the gas and then converting 
this velocity into its equivalent pressure. The blower designer 
is always interested in the highest possible tip velocity without 
resorting to disproportionately larger diameters. 


In the development of the first successful synchronous motors 
for driving blowers, about the year 1914, the problem of a 
sufficient starting torque was naturally prominent; in fact, it 
might fairly be said that this problem was and is today the only 
problem of a motor design to distinguish it from the design 
of a corresponding turbine generator. Fortunately, the starting 
requirements of a motor driven blower are simple and easy. 
Only sufficient torque is required to break the rotors away from 
rest and to accelerate them. The work done in moving the 
air at slow speed is negligible; consequently, at the start when the 
rotor frequency is a maximum, the required torque is a minimum 
and it is only as the rotor frequency drops due to increase of speed 
that the required torque increases—an ideal starting condition. 

Even with this favorable condition the problem of the starting 
winding is difficult, and not the least of the difficulties is to 
handle the expansion in the axial conductors. High heat 
must be expected under starting conditions and only a part 
of this heat can be conducted away even in such an excellent 
arrangement as that shown by the authors of this paper. The 
older practise on Elliott motors of this type was to attach the 
conductors to end rings having quite a measure of axial flexibility. 
Expansion from heat can fairly be called an irresistible force and 
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if provision is not made for necessary movement, joints will be 
broken. 

A recent development that may be of interest consists in 
using the steel of the solid-forging type of rotor as the starting 
winding. Each tooth of the rotor is an axial conductor, con- 
nected at its ends to the solid body of the shaft. Its resistance 
is high and its heat storage capacity and also its heat conduction 
to the shaft are excellent. 


This simple construction, entirely free from joints and special 
materials, makes it ideal for the particular application under 
consideration, and it has been used successfully for the last 
four or five years in motors from 750 to 2200 hp. There seems 
to be no reason why it should not be equally applicable to motors 
of larger sizes. These motors will break away and accelerate to 
about 30 per cent speed on the application of a starting voltage 
as low as 35 per cent of rated voltage, though 40 to 45 per cent 
is desirable on the first starting point. 

I wish to endorse the method of starting such motors by 
increasing the applied voltage without opening the stator cir- 
cuit. This is very desirable in order to avoid shock to the 
rotor and possible distortion of the end connection of the stator 
winding. 

R. B. Williamson: The authors say: ‘‘compressors requir- 
ing a starting torque of 30 per cent, and a pull-in torque of 50 
per cent, and having a W R? of 2 lb-ft.? per hp. of motor 
rating." I want to ask if that is the combined compressor unit 
or just the compressor alone. 

I. Н. Summers: With reference to Mr. Ross’ discussion, 
particularly in regard to building a synchronous motor with a 
solid-core rotor, I may say that we have also built a machine of 
this construction and tested it. We feel that a laminated con- 
struction with a properly designed squirrel-eage winding is 
probably a more flexible design because, by changing the material, 
or the dimensions of the windings and the retaining wedges above 
these windings, different characteristics can be obtained for 
different purposes. 

With regard to his point that a round-rotor synchronous motor 
does not have pull-in torque, I wish to point out that in the 
motor we tested and for which curves are given in the paper, 
the torque is very large at speeds close to synchronism, so that 
the motor reaches a slip of probably 0.5 per cent at the time the 
field is applied, which makes it very easy to synchronize. 

Mr. Ross evidently felt that the temperature rise during a 
eycle in which several starts are made is not a serious problem, 
provided the motor be made large enough, and we agree 
thoroughly with that. Of course the point is that the motor 
must be made large enough. In this connection I have prepared 
some curves showing the temperature distribution to be expected 
in a cylindrical rotor, assuming a homogeneous mass of iron with 
heat applied to the surface. These curves indicate in a general 
way what maximum temperatures would be obtained under this 
assumption. 

Mr. Owen, in his discussion, pointed out that the problem of 
starting a centrifugal compressor is not serious. The main 
thing is to have sufficient torque to accelerate its inertia without 
overheating the motor and we agree thoroughly with this also. 
In these applications the inertia of the load is often very large 
and is what limits the size of the motor if repeated starts have 
to be made. With a two-pole motor, having a rotor of as small 
size as it normally would be in this design, the problem is more 
serious than it appears at first sight. 

With regard to his point about the expansion of the conductors 
being a serious problem, I might mention that although the 
photograph in our paper does not show it, the squirrel-cage 
winding which we use is formed of copper ribbons and is so 
constructed that a wave is placed in the ribbons at the ends of the 
rotor to take up the expansion and this completely prevents all 
trouble which might otherwise result from restraint of the 
expansion. 
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In answer to Mr. Williamson’s question as to whether the 
figure given in the paper of 2 Ib-ft.? per bp. rating applies only 
to the compressor or to the combined unit, I may say that that 
was intended to apply to the compressor only. 


Consider à homogeneous cylinder with heat applied uniformly 
all over the cylindrical surface. Assume that this heat is known 
as a flow function of time in terms of power per unit area. The 
problem of determining the temperature distribution at any point 
in the cylinder at any time may be reduced to the solution of a 
partial differential equation. 
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Substituting the boundary eonditions that the cylinder is not 
hollow and that f = fo at r = ro and solving, the temperature is 
found in operational terms 
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a 
j= у-1 
Jo, J, = Bessel functions 


In order to get this solution in explicit form it is convenient to 


588 


expand it in terms of partial fractions.! Owing to lack of space 
this development will be omitted and the result simply stated. 
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where the summation is taken over all the positive roots of 
J, (x) = 0, a, representing these roots. In this expression 
у = т/то. 
Now the flow function is taken аз a constant flow directed 
inward, in the Heaviside notation. 
љ = —Fl (5) 
When this is substituted and the operations performed accord- 
ing to the Heaviside rule, the final solution after simplification is: 
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where (is time. : 
At the surface of the cylinder where the temperatures are 


maximum this reduces to: 
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This curve is plotted in Fig. 14 herewith for an iron cylinder of 
10 in. radius in which a? = 0.0188 sq. in. per sec. and c = 1.14 
watts per sq. in. per deg. cent. perin. Fig. 1B isthe temperature 
when the flow function is intermittent asin Fig. lc. Fig. 2ais 


the temperature when the flow function is as shown in Fig. 28 and 
the total heat applied is the same as in Fig. 1c. It will be noted 


1. The writer is indebted to Mr. R. H. Park for showing him how to 
make this expansion and simplify the result. 
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that the maximum temperatures are practically the same in either - 
ease so that it is only necessary to know the total heat applied to 
get an approximate idea of the answer. The ordinates in either 
figure are to be multiplied by average watts per square inch for 
one heat cycle to get degrees centigrade.” 

. In the application of these curves to a practical problem in the 
starting of synchronous motors it should be remembered that 
herein no heat is assumed to escape from the surface. This 
would probably not modify the result radically, however, and to 
offset it there is the consideration that the rotor construction is 
not perfectly homogeneous, having slots and other irregularities. 
At best the curves are a rough approximation to a practical case 
but it is felt that they do serve to illustrate some interesting 
points in connection therewith. 

D. W. McLenegan: Mr. Ross mentioned the smoother 
starting which is possible with the reactor method. If the 
motor could be designed so that its impedance increased rapidly 
at intermediate speeds, this type of starting would be ideal. 
However, as the motor accelerates, the impedance does not rise 
sufficiently to increase the voltage drop across the motor and 
provide a motor torque corresponding to the increasing load 
torque. It is therefore impossible to use a constant external 
reactance throughout the acclerating period except by making 
this reactance very small and accepting a high initial current. 
The reactor is cut out in steps, and this procedure involves abrupt 
changes in the motor current. 

Mr. Owen mentioned the desirability of maintaining the circuit 
while increasing the applied voltage during the starting period. 
However, with the auto-transformer method described in the 
paper, the magnetizing current of the auto-transformer is not 
interrupted when changing taps, and consequently the inrush is 
materially reduced due to the reactance of the auto-transformer. 
It has been our experience that the coil bracing is adequate to 
prevent any distortion of the end turns of the stator winding. 


2. The author is indebted to Mr. S. Paglinca for assistance in the 
numerical work and plotting the curves in the figures. 
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Synopsis.—The pioneer paper on this subject of copper losses in 
armature conductors was presented by A. B. Field. Since then 
Field’s fundamental premises have been adopted by practically all 
who have contributed to this subject, both in this country and abroad, 
although the method of presentation has been modified as the in- 
dividual thought best. Thus one of the present authors has favored 
a vector method of analysis that seems to him to have marked ad- 
vantages. In this paper the vector method is extended to the case 
of the d-c. machine. 

Without doubt, 11 is generally believed that there are extra losses 
tn the armature coil of a d-c. machine when it is undergoing com- 
mutation, but that during the major portion of the time, since the 
current is steady, the loss in the coil ts correctly computed by squar- 
ing the value of the current and multiplying by the true or ohmic 
resistance of the coil. This view, however, is not correct. The 
disturbance in the coil current produced by the process of commu- 
tation persists throughout the cycle so that at no time ts the current 
uniformly distributed over the cross-section of the conductor. Al- 
though the disturbance and resulting extra loss factor are greatest 
during commutation, the extra losses are present at all times, even 
while the current in the coil is steady. The procedure for finding 
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LTHOUGH there have been excellent papers’ 

on this problem of the armature copper loss in a 

а-с. machine, as far as the authors are aware it 

has received no serious consideration in this country 
and it is not generally realized that the time-honored 
method of computing the armature copper loss does not 
give a correct value of the loss. The error may range 
from 10 or 20 per cent in a small machine to several 
hundred per cent in a large and poorly-designed one. 
The determination of this loss and the factors which 
influence it are thus matters of prime importance. 
Due to the process of commutation the current in the 
armature coil of a d-c. machine is an alternating one 
which has a fundamental and various harmonic com- 
ponents. The problem of an armature coil that carries 
a sinusoidal current has been investigated by several 
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the extra losses is simple. First, the time variation of the coil current 
must be known and analyzed for its harmonic components. In the 
present analysis it is assumed to be trapezoidal because this is, at 
once, а simple and a desirable manner of variation. The extra 
loss ts then computed for each harmonic component as described 
in ‘‘Heat Losses in the Conductors of A-c. Machines," by W. V. 
Lyon, and ‘‘Reduction of Armature Copper Losses,” by I. H. 
Summers. The total extra loss is the sum of the component extra 
losses. In case there are several coils side by side, as is usual in a 
d-c. armature winding, the average extra loss in the coils for any 
harmonic component of current is computed as if the coils that are 
side by side were connected in parallel and carried the vector sum 
of the currents in these coils; assuming that the coils are alike and 
are symmetrically arranged. If there are more than two coils side 
by side, the losses in them are not the same. 

It is important to realize that the armature copper loss in а d-c. 
generator is not correctly computed by squaring the armature current 
and multiplying by the measured armature resistance between 
brushes; and furthermore, that itis more important to laminate and 
properly arrange the armature conductors of a large d-c. generator 
than it is to do so tn the case of an a-c, generator. 


writers since Field‘ first published his solution of the 
problem. "The experimental results? which have since 
been obtained agree so closely with the computations 
that we are warranted in extending the application of 
the theory to this problem of the heat losses in the con- 
ductors of a d-c. armature when not only the fun- 
damental but all of the harmonie components are 
present in the current. Due to the fact that the losses, 
produced by the higher harmonics in the current, 
inerease about as the square root of the frequency, 
the extra loss factor for a d-c. armature is greater than 
the extra loss factor for an a-c. armature under the same 
conditions of speed, poles, size, and arrangement of the 
armature eonduetors. Laminated conductors are in- 
dispensable in the design of a-c. generators, but it is 
even more important to laminate and properly arrange 
the armature conductors of a d-c. machine. 


One phase of the present investigation was to compare 
the observed and computed results when the current 
in an embedded coil (Fig. 1) is commutated so that it 
varies as the current does in the armature coil of a d-c. 
generator. A typical curve showing the time variation 
of the current is shown in Fig. 2. The coil shown in 
Fig. 1 consisted of 51 turns of copper ribbon one inch 
wide by 0.0062 inch thick. Five No. 40 wires were 
attached to but insulated from the ribbon at uniformly 
spaced intervals. One of these wires was 3 inch 
from the upper edge of the ribbon; one, 4% inch from 
the upper edge; one at the middle; one, 4% inch from 
the lower edge and one, 14 inch from the lower edge. 
The ribbon and the attached wires were then wound 


6. Trans. A. I. E. E., 1922 Vol. 41, p. 213, and present 
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to form the coil, a cross-section of which is shown in 
Fig. 8. These exploring wires enable one to make a 
direct measurement of the current density at five 
different points in the ribbon. Inasmuch as an ex- 
ploring wire and a filament of the ribbon in the same 
horizontal plane link the same flux the difference 


LL 2 


E 


a i 


coi? ferminal 


Fig. 1—GrneraL ARRANGEMENT OF COIL AND EXPLORING 


WIRE 


in their potentials is the resistance drop in this filament 
of the ribbon and is, therefore, proportional to the 
current density in this filament. The arrangement of 
the coil, commutator, and oscillograph vibrators is 
shown in Fig. 4. The current-density vibrator was 
calibrated by sending a known value of steady current 
through the coil. Five calibrations were made, one 
for each exploring wire. The commutator was driven 
so that the current in the coil was reversed 120 times a 
sec., giving a 60-cycle variation. The oscillograms 
obtained are shown in Fig. 5 (a. b. e. d and e). These 
oscillograms show the current in the coil and the current 
density at each of the five points. The scale of the 
current is such that the curve also shows the average 
current density and may thus be compared with the 


Р r4 Commutating Period (5) 


direct coil current 


Fic. 2—Curve SHowine TIME VARIATION OF Соп, CURRENT 
actual current density. The computed time variation 
of current density at each point is also shown. The 
close agreement between the observed and computed 
values shows that, under the conditions existing during 
this measurement, the premises on which the theory 
is built—vz., those adopted by Field—are amply 
justified. 
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period alone but continues throughout the cycle. 
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The computed values of the current density were ob- 
tained in the following manner. The time variation 
of the current in the coil was first analyzed for its | 
harmonic components. By means of the fundamental 
relation’? between the current in the conductor and the 
current density at any point, the time variation of the 


Fic. 3—Cross-SEcTION оғ Соп, AND EXPLORING WIRES 
current density at each point for each harmonic com- 
ponent of the current up to and including the eleventh 
harmonic, was determined. By combining the har- 
monic variations in current density at one point the 
resultant variation in the current density at the point 
was determined and plotted. The oscillograms show 
distinctly that the current density is greater in the upper 
portion of the conductor, as it is when the current is 
sinusoidal; that the higher harmonics are practically 
confined to the upper portion of the conductor; that 
during the commutating period the current is flowing 
in opposite directions in the conductor at the same 
time; that at the beginning of each half-cycle the cur- 
rent is most unevenly distributed, but toward the end 
of the half-cycle the distribution has become nearly 
uniform. In describing the phenomenon, it might be 
said that the continued reversal of the current, due to 
the process of commutation, produces a turbulence 
in the current flow of such a nature that the current 


Current densit y 
vibrator 


current nbrator 
4—AÀRRANGEMENT OF CoMMUTATOR, COIL, AND 
OSCILLOGRAPH VIBRATORS 


Fia. 


distribution eonsists of a series of harmonie com- 
ponents, each one of which can be determined in. 
the same manner in which the distribution is deter- 
mined when the current variation is purely sinusoidal. 
This turbulence is not confined to the commutation 
The 


7. W. V. Lyon, Heat Losses in the Conductors of A-C. Machines, 
Trans. A. I. E. E., 1921 Vol. 40, p. 1361. 
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heat loss in the conductor is the sum of the losses due to 
the individual harmonic components of current. Each 
of these component losses can be determined by the 
same procedure that is used in computing the loss in an 
a-c. generator. Computation of the resistance ratio 
for a d-c. machine is thus a much mere laborious process, 


тшшц 
BOE В езе ae rn Е 
БЕ 


AMPERES PER SQUARE CENTIMETER 


ee NIC 
40 120 160 
tear eT 


FIG. 5b И in. from top 


Measured Current Density 
paint кыд ы ZH 


ДУ грлу, Current Рег Density zm 
A ears 
DEGREES 


FIG. бе V in. from top 


аии 
Nem 
CANTE 


Measured Current Density 


e 


FIG. 5d % in. from bottom 


MPERES PER SQUARE CENTIMETER 
N 
8 


Average Current Density 


KW ИРЕШҮ; So te Current Density InN 
P- — a 

| / | | des Measnied оен ванае ЫШ ЭЕ | 

10 %_ | decreed аҹ 

Prt eee б йр эй у 


Fig. 5—a, b, e, d, e, OSCILLOGRAMS AND CALCULATED CURVES 
or CURRENT DENSITY Ат DIFFERENT POINTS 


A 
8 


200 


than is the computation of the ratio for an a-c. 
generator. The resistance ratio may be defined in 
one of two ways, either as the ratio of the actual loss 
to the loss that would occur if the same coil current 
were uniformly distributed in the eonductor, or as the 
ratio of the actual loss to that as computed according 
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to the standardization rules of the A. I. E. E. These 
ratios would be somewhat different. In our case the 
measured loss in the coil was 14.8 watts and the calcu- 
lated loss, 14.4 watts. In the calculation, only the 
harmonies up to and including the 18th were considered. 
The loss due to the fundamental, or 60-cycle, com- 
ponent is 12.9 watts, showing that the loss due to the 
harmonies js 10.4 per cent of the total. When this 
measurement of power loss was made a different commu- 
tator was used, and the wave form of the coil current 
is shown in Fig. 5 (f). The maximum flux density in the 
teeth during these power measurements was approxi- 
mately 1000 gausses. 

There is another point of interest. It is the heat 
loss in the coil during the period of commutation. If 
it be assumed that the variation of the total current, 
and of the current density during the time of commuta- 
tion is linear, an approximate value of the ratio of the 
actual heat developed, to that which would be developed 
if the current density were uniform, can be calculated. 
In our case this ratio is approximately 5, that is, during 


Fic. 5Íf—WAvE Form or Соп, Current WHEN Loss 
MEASUREMENTS WERE MADE 


commutation, the conductor acts like one having a 


resistance approximately 5 times as great as it actually . 


is. 

With 60-cycle sinusoidal current in the conductor the 
measured and computed resistance ratios are 1.66 and 
1.61 respectively. Figs. 6 and 7 show the observed and 
computed current densities and their phase-angles with 
respect to the total current in the conductor. 


All of these results seem to show that the original 
premises as stated by Field are so nearly true, even 
when applied to this problem of the commutated current, 
that the errors in the computation are scarcely of 
engineering importance. 

When these principles are applied to the determina- 
tion of the armature copper loss in a d-c. machine it 
must not be expected that the accuracy of the result 
will equal that attained in the case of the a-c. generator. 
There are two principle reasons for this. First it is 
improbable that the variation of the current during the 
commutation period will Бе known with sufficient pre- 
cision. Poor commutation may give rise to harmonics 
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that will materially increase the copper loss. Secondly, 
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harmonie. Some of the higher harmonies will thus be 


in d-c. machines, coils which undergo commutation at approximately in opposition. This condition violates 
slightly different times are placed side by side in the one of the Field premises, viz., that the current density 
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Fics. 6 AND 7—CoMPARISON OF MEASURED AND COMPUTED 
CuRRENT DENSITIES 


slot; producing a phase displacement between the 
components of the currents in these adjacent coil 
sides which is directly proportional to the order of the 


should be the same in any horizontal plane. Three 
approximate methods for computing the loss in this 
case are described in the Part II of the paper. 


The general principles that have been discussed here 
can also be applied to the determination of the copper 
loss in a synchronous converter. If, for example, it 
be assumed that the current in the conductor is the 
sum of a sinusoidal component received from the 
а-с. side and a trapezoidal component, such as might 
flow in a d-c. generator, there will be a resultant funda- 
mental component depending upon both the a-c. input 
and the d-c. output, and a series of harmonic com- 
ponents which depends only upon the d-c. output. 


In conclusion it should be said that this paper is 
limited solely to the discussion of the so-called “skin- 
effect" losses that are due to the direct action of the 
armature current in heating the armature conductors. 


PART II 


Since the analysis of the problem in the case of the 
a-c. generator has been worked out in detail in previous 
articles,? it will only be shown here where the analysis 
needs to be modified to conform with the conditions 
met with in the problem of the d-c. machine. 


Since the time variation of the coil current during 
commutation is seldom known, it is customary for 
writers on this subject to assume that it is linear. 
In this case, if Ia. represents the steady value of the 
conductor current and £ is the angular period of commu- 
tation, the r. m. s. valueof the nth harmonic component 
of the current is: 


Only the odd harmonics are present. 


If the winding is similar to the standard type of 
a-c. winding having two coil sides per slot, one placed 
above the other, the resistance ratio for the nth harmonic 
K,, can be determined by the same procedure that 
would be followed in the case of an a-c. generator. 'The 
resistance ratio, Ko, for the d-c. armature is then 
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The upper limit of n should be as large a value as is 
considered necessary. 
The latter definition assumes that the brushes short- 


circuit — of the armature coils per pole when the 


Кто. 8—Cross-SECTION OF Соп, AND SLOT 
d-c. measurement of armature resistance is being made. 

D-c. armatures are often wound so that coils which 
undergo commutation at slightly different moments 
are placed side by side in the slot. In this case three 
different approximations are suggested. There are no 
data which show their relative accuracy. 

1. The difference in time of commutation can be 
ignored, and the resistance ratio computed as described 
above. This approximation is the simplest of the three. 
It neglects the phase relation of currents that are side 
by side in the slot, which in the case of some of the 
higher harmonics is approximately 180 deg. This 
method can be applied to any type of symmetrical 
winding whether of solid or of laminated conductors. 
The computed value of the loss would probably be too 
great. 

2. It may be assumed that the current density in 
any conductor is uniform in any horizontal plane but 
is not necessarily the same in the different conductors 
that lie side by side in the slot, (Fig. 8). The current 
densities in the conductors are respectively c; and сг 
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in the plane through X. A simple case of but two 
conductors has been chosen as an illustration. 

The following differential equations for the current 
densities must be satisfied: 


d e .4mo w w 
dz! ps С 2 +079 ) 
d |o . 4то w w 
and Ча 7J рз (^ 2 te- ) 


When the currents are equal in magnitude but differ 
in phase by a time angle 6, it follows that the copper loss 
in each conductor is 


0 ү 0 М 
R| (ssn) + (10s ) м. | 


where: R isthe true resistance of one conductor 
I isthe current in each conductor 
M, isthereal part of a d coth а d 


ad = 2rd] ite 


f isthe frequency of the harmonic considered. 


This shows that when the currents are in opposition the 
loss is the same as it would be with steady direct current. 
This method is readily extended to the case of any num- 
ber of solid conductors side by side with other conduc- 
tors carrying current below them. 

In the case of laminated conductors there is no 
difficulty in obtaining a simple solution provided the 
armature coils are alike and are symmetrically arranged. 
The loss in such a winding is the sum of two component 
losses. The first is the loss that would be produced if 
there were in each coil a steady direct current equal in 
magnitude to the г. m. s. value of the commutated coil 
current. The second of these component losses is the 
sum of the extra? losses due to a series of harmonic 
components of current. Any one of these harmonic 
components of current is the vector sum of the actual 
harmonic components of the currents in any гом! 
of conductors in the same slot. The extra loss due to 
any one of these harmonic components is then computed 
as if the coils that are side by side in the same slot were 
in parallel. This can be done by following the same pro- 
cedure that would be followed in the case of an a-c. 
generator. Reduced to a formula the loss becomes 


2 
ere[(1-3£) 


—32-)e.- | 
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 Qsin 


Where: R is the true or ohmic resistance of the arma- 


9. In excess of the loss as computed with direct current. 
10. In a circumferential direction and not in a radial direction. 
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ture eoils all connected in series; 
Ia. is the maximum value of the coil current; 
p istheangular duration of commutation; 
A is the time angle— on fundamental scale 
(n = 1)—between the moment at which 
one coil of a row in any slot is commutated 
and at which the next coil of the row is 
commutated; 
q isthe number of coils in a row; 
K, is the resistance ratio of the winding for the 
"th harmonic, computed as it would be 
for an a-c. generator which had the coils 
in any row connected in parallel. 
The summation is taken for all odd values of n. 
The form of the time variation of the coil current is 
assumed to be trapezoidal. 
3. It may be conceived that the currents, Г, and Г,, 
(Fig. 9) consist of the following components. 


1 1 
h-75 (I, + Iz) t (1,— D) 


1 | 1 
I, = 2(hth)-75 ( I; — HL) 


Кто. 9—Cnoss-SEecTIoN or Соп, AND SLOT 

Let it now be assumed that these components are dis- 
tributed over the cross-section of the conductors as if 
they existed separately. The first components, being 
equal, are distributed according to Field’s theory. 
Let the current density in the plain through x be с.. 
The second components are in time opposition in the 
eonductors and it may reasonably be assumed that they 
are distributed as they would be in an infinite sheet 
lying close to a region of infinite permeability. The 
vector eurrent density in the plane through y is then 


of the form c, = A cosh o; y; where o; = 2 N 7 =f. 


The total vector current density at the point (x, y) is 
then (c, + c,) and the loss in one conductor is 


2 d | 
SS p (с. T Cy) * (с. 2 Cy) conjugate dz d y 


In the case of equal currents differing by a time-phase 
angle of 0 this expression readily reduces to 
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Where M, is the real part of œ, d coth o; d, and M,» is 


wo w 
the real part of o; E coth а; PE 


aid = NELLE Оз W = 2rw4/; 24 
ps p 
R is the true resistance of one conductor and f is the 
frequency of the particular harmonic considered. This 
method can be used with any symmetrical type of 
winding that has not more than two conductors side 
by side in the slot. 

The armature copper loss in a synchronous converter 
can readily be computed if it be assumed that the 
current in a coil consists of two components, one of 
which is the trapezoidal current that would flow if 
the machine were operated as a d-c. generator, and the 
other is the sinusoidal current that would flow if the 
machine were operated as a synchronous motor. This 
assumption may not be true during the commutation 
period. The current in an armature coil is 


t = VŽ Ia Sin (wt— 0 — y) 
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Where 0 is the power-factor angle of the alternating 
current and y is the position angle of the coil with 
respect to the middle of the phase. 

It can readily be shown that the loss is 
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R is the series resistance of all of the armature 
coils; 

К, is the resistance ratio of the winding for 
the fundamental; 

K, is the resistance ratio of the winding for 
the nth harmonic; 

k, isthe breadth factor for the winding; 

B  istheangular time of commutation. 

The higher harmonies in the conductor current 
produce such a rapid variation in the tooth flux density 
that it is no longer uniform, being greater at the surface 


4/2 
т 


Where: 


11. This assumes that the armature coils are not arranged side 
by side in the slots. 
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than at the center of the laminations. There thus 
appears to be a possibility that the resulting density at 
the surface of the lamination, due to the leakage flux 
and that which enters the teeth from the air-gap, may 
be so great as to reduce the permeability to such a small 
value that one of the fundamental premises of the Field 
theory—vz., аб. ће permeability is very great— 
is seriously violated. This phenomenon of skin 
effect in iron laminations is readily solved if the per- 
meability is assumed to be constant. Actually, the 
permeability goes through a cyclic series of values. 
Since, however, the skin effect is exaggerated by choos- 
ing a relatively high permeability, say 4000, we shall 
do so, although the average value may be much less. 
For a similar reason we will use a relatively low resis- 
tivity, 36 microhms per centimeter cube. The angular 
depth to be used in computing the skin effect in 14 mil 
iron at 900 cycles (15th harmonic for 60-cycle funda- 
mental) is: 


0.014 x 2.54 2 x 900 x 4000 
2 36 x 10-9 x 10° 


For this value of ad the ratio of the density at the 
surface to the average density is but 1.4 and skin 
effect is thus playing no important part in the problem. 

As an illustration of the method of calculating the 
loss factor for a given armature winding, the following 
example is taken. 

The armature considered is that of a 6-pole, d-c. 
machine operating at 900 rev. per min. The winding 
is full pitch, simple lap wound. There are two coils 
per slot, each consisting of a single turn, and the total 
number of coils is 216. In the armature slot the con- 
ductors are arranged two in width and two in depth. 
The conductors are solid, and rectangular in section. 
Principal conductor and slot dimensions are as follows: 


ad=27xX 


Conductor width, > = 0.405 cm. 
Total width of copper in slot, w = 0.81 cm. 
Conductor depth, d = 1.40 cm. 
Slot width, s = 1.19 cm. 


The fraction of a cycle during which a coil is short- 
circuited is 2 = 0.0725. On the assumption that 
the current—time curve for the coil is trapezoidal, the 


r. m.s. value of the nth harmonic component of coil 
current is: | 
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where Iz, is the magnitude of the direct current in the 
coil and J, is the r. m. s. value of this current. Table І 
shows the mean-square values of the harmonics up to 
the fifteenth. The mean-square value of the coil 
current is 95.17 per cent of the square of its maximum, 
or d-c. value. ; 
When there is a row of conductors side by side in the 
slot, carrying eurrents equal in magnitude but different 
in phase, the loss due to any harmonic eurrent is taken 
as the sum of the normal ohmic loss due to the currents 
actually flowing and the extra loss calculated as if each 
of the conductors in the row carried the vector average 
current for the row. This is the second approximate 


Fic. 10—VarLvuEss or M, Амр N, 


method. The nth harmonic extra loss factor for 
the embedded portion of the conductor is 


K,-1- (4-0 «[ (5 ) | 


I, 
+( l ) cosa |. 


Ia» is the magnitude of the vector average of the currents 
in conductors of the row and I, is the magnitude of the 


vector current flowing in the slot below the row in 


question per conductor in that row. д is the angular 
phase difference between 7,, and I» М, and N, are 
taken at the value of a d for the harmonic considered. 

In the example considered, successive armature coils 
are commutated at intervals of 1/216 revolution. 
The nth harmonic components of current in conductors 
side by side are out of phase by an angle 0 = 5 n degrees. 
With two conductors in a row across the slot the ratio 
of the vector average current to each current, is 


I 1 
xm = cos 4 n 0 = cos n X 2.5 deg. 


Table I shows the value of the square of this ratio for 
harmonics up to the fifteenth. 
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The winding scheme used in this armature causes the 
currents in conductors in the same radial plane to be 
commutated simultaneously so that the phase dis- 
placement between the harmonics in the top and bottom 
rows is zero, 2. €., 6 is Zero. 


TABLE I. 
HARMONIC ANALYSIS OF COIL CURRENT 

Order of Vector average 

Harmonic Mean-square values factor 

2 2 

(52) (+) | E) 

É Ig. I 

1 0.811 ~~ 0.852 852 0.998 

3 0.087 0.091 0.983 

5 0.029 0.030 0.953 

7 0.013 0.014 0.911 

9 0.007 0.007 0.855 

11 0.004 0.004 0.787 

13 0.002 0.002 0.712 

15 0.001 0.001 0.630 

0.954 1.001 


The fundamental frequency of armature coil current 
is f = 45 cycles per second. For the nth harmonic 
ага 2rd А 
ps 
Taking р = 2270 abohm-em., corresponding to a 
temperature of 100 deg. cent., and substituting numeri- 
eal values, | «d | = 1.45 Vn. 


For the top row of conductors I, = Ia and 6 = 0, 
and the extra loss factor for a given harmonic becomes 
K,—1= (M,-—142N,) 

Table II summarizes the calculation of losses for 
harmonics up to the fifteenth. . This gives a total 
extra loss of 1.79 times that due to a constant direct 
current equal in magnitude to the r. m. s. value of the 
coil current. For the bottom conductors J, = 0, 
and the extra loss factor reduces to К, — 1 = (М,— 1). 
The total extra loss factor calculated for these conduc- 
tors is 0.18. The average extra loss factor for the 
embedded portion of the conductors is 0.98. The ratio 
of the copper loss in the coil to the loss which would be 
produced by the same coil current if uniformly dis- 
tributed over the cross-section of the conductor is: 


TABLE II 
LOSS FACTOR FOR THE CONDUCTOR 


n ad м,—1 Nr 
1 1.45 0.096 0.347 
3 2.50 0.635 2.345 
5 3.23 1.23 4.37 
т | 3.82 | 1.70 5.72 
9 4.33 2.07 6.67 
оз 4.79 | 2.40 7.36 
13 5.21 2.69 7.88 
15 5.59 2.96 8.33 


Total extra-loss factor, Ko, for the embedded portion of the upper 
conductors 1s 1.79. | 

Since the length of the embedded portion is one-half of the half-col) 
length the extra-loss factor for the half coil is 0.89. 
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> (К„— 1) (Га а Lı + I? L: 
Kae = I? L; 


where: 


(K, — 1) is the nth harmonic extra loss factor for the 
embedded portion of the coil. 


Г, is the length of the embedded portion of the coil. 
Lis the length of the coil. 
(Tae), and I, are as previously defined. 


In our case the numerical value of this ratio is 1.47. 
As the armature copper is about equally divided be- 
tween the slots and the end connections, in which the 
loss is assumed to be normal, the total extra loss factor 
for an armature coil is 0.47. That is to say, the copper 
loss in the coil is 47 per cent greater than would be 
produced by the same coil current if uniformly dis- 
tributed over the cross-section of the conductor. 
The ratio of the copper loss in the coil to that as com- 
puted by the standardization rules of the A. I. E. E. is 


> (К„— 1) (I3) "m + Ij Г, 


Le (1- D ) L 
т 


Where Ia. is the maximum value of the trapezoidal coil 
current and it is assumed that the brushes short circuit 


Ka’ == 


£ of the armature coils. 


In our case the numerical value of this ratio is 1.51. 
Notice that Ka’ = 


Thus it is seen that the armature copper loss for this 
machine, is more than 50 per cent greater than the value 
as computed in the time-honored manner. Obviously, 
the reduction in the extra losses of such a winding by 
laminating and transposing the conductors would 
result in a higher rating and efficiency. 


The ratio of the heat generated in the embedded 
portion of the top conductors to that in the embedded 
portion of the bottom conductors is 2.79 + 1.18 =2.36. 
This is probably a more important consideration than 
the loss factor for the entire winding, as it measures the 
non-uniformity of heat distribution between the con- 
ductors. If this winding were used in an a-c. generator 
the loss factor for the winding at the same fundamental 
frequency would be 1.22. Notice that, in this case, 
the extra loss factor for the commutated current is 
more than double the extra loss factor for the sinusoidal 
current. 


Feb. 1928 


Discussion 


M. L. Henderson: It has been shown that the true copper 
losses in a 4-с. armature with large conductors may be a great 
deal more than the losses as computed in the time-honored way. 
It was also brought out that the same principles are applicable 
to the calculation of losses in a synchronous converter. I 
should like to discuss this application further. 


It has been demonstrated that the loss factor for the conductors 
of a d-c. armature is greater than for the same conductors if 
used in an a-c. armature on account of the less uniformity of 
distribution of the higher harmonic components of the current 
in the d-e. coil.‘ In a synchronous converter the fundamental 
component of the direct current in the coil is nearly canceled 
by the alternating current, but the higher harmonies are still 
present. Nearly the whole loss, therefore, is due to the 
harmonics and as the loss factors for them are comparatively 
high, it follows that the combined total copper-loss factor for a 
synchronous converter is greater even than for a d-c. machine 
with the same frequency and conductor dimensions. 


As an illustration of this, the copper-loss factors for the 
armature considered in the latter part of this paper have been 
computed on the assumption that-it is to be used in a six-phase 
converter operating at unity power factor. 


For the conductors in the center of a phase belt, where the 
fundamental components practically cancel, the loss in the em- 
bedded part of the top conductor is 8.6 times as large as it would 
be if the current distribution were uniform, while the loss in the 
bottom conductors is nearly doubled. 


In the conductors at the edge of a phase belt, where maximum 
heating is expected, the net fundamental component is a larger 
proportion of the whole, since the alternating current is not 
exactly in opposition to the fundamental of the direct current in 
the coil, but the loss in the top conductor is still 4.4 times as 
large as if the current were uniformly distributed. Even in the 
bottom tap conductor there is 50 per cent extra loss. These 
loss factors are much higher than the ones given for the d-e. 
armature, which are 2.79 and 1.18 for the top and bottom con- 
ductors respectively. 


This example is not given as representative of actual converter- 
design practise, but as a comparison of the loss factors for a-c. 
machine, d-c. machine, and synchronous converter when the 
same conductors are used. The relatively greater importance of 
the consideration of extra copper losses in the converter is 
evident. 

Since a large proportion of the extra loss occurs during the 
commutating period it increases the effective resistance during 
that period and helps to produce good commutation. This 
improvement, however, comes only at the expense of machine 
rating and efficiency. 

R. H. Park: A study of the effects of eddy currents in 
d-c. machines and converters was made by the organization 
with which I am associated, about four years ago. At that 
time I happened to be interested in the subject to some extent, 
and made some curves which show the distribution of current 
density from the top to the bottom of a top conductor in a d-e. 
machine. These curves, which are shown in Fig. 1 herewith, 
are arranged a little differently from the curves given in the paper. 

In computing the data I didn’t calculate the harmonies in 
the usual way but rather I used Heaviside’s operational calculus, 
since it seemed to be well adapted to the problem. The curves 
show the current to be initially uniform all over the slot. After 
the commutation is 5 per cent of the way through, the current 
hasn't changed at all from the bottom up to 34 of the way to the 
top of the slot, although it has already become positive at the 
top. Each succeeding curve shows the distribution at a later 
stage of the process of commutation. For this case, the current 
distribution is practically uniform after an interval of 4 or 5 
times the period of commutation. 
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When the operational method of calculation is used it is 
possible, &t least in some eases, to obtain & somewhat simpler 
formula for the losses than that given in the paper. 

In the simple ease of two eonduetors per slot, full pitch, and 
linear commutation, the extra loss factor as calculated by ће 
operational method ean be put in the form 

Ku = Ko [9 g (б) + h (40)] 
Ki = Ko [g (80) + h (бе)] 


0 1 2 3 4 5 6 7 8 9 10 
Еа. 2 
where, К, = ratio of extra loss in copper conductor to loss 
which would exist with a constant d-c. current 
equal to the maximum value of the trapezoidal 
coil current. 
К; = same factor for lower conductor. 
d? 
Ku UT. 
PST 
1 
HERES 
Ko T 


g (09) and kh (8o) are functions of (0o) as shown in Fig. 2 
herewith. 

R. F. Franklin: It has long been recognized that there are 
eddy current losses in the conductors of 4-с. machines and 
synchronous converters similar to those in a-e. machines, and 
that due to the trapezoidal current wave introducing numerous 
harmonics, the relative loss should be greater. Several years ago 
I made such a mathematical investigation and found this to be 
the case. 

The value in this paper lies not only in giving the method of 
calculation of this loss, taking into consideration the difference 
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in time of commutation of conductors in the same slot, but also 
in the presentation of experimental data confirming this theory. 
Without this experimental confirmation the increase of the 
eddy-current loss due to the trapezoidal current wave might be 
questioned. 

One of the startling results of this investigation is the large 
increase of coil resistance during the commutating period. It 
might be further added that this increase in resistance is ac- 
companied by a decrease in inductance. Such a condition 
should be advantageous to the commutation of the coil, and if 
the conductor is laminated or transposed in order to reduce eddy- 
current losses, the gain in losses might be partially offset by 
poorer commutation. In my investigation of eddy-current 
losses, I also investigated this problem and concluded that in 
most cases the effect on commutation was slight. Experience 
since then has seemed to bear out this conclusion. 

In studying the tests made by the authors, one question arose 
in my mind which I could not settle from the data given. The 
exploring wires which are fastened to the copper ribbon measure 
the resistance drop in the end portions of the coil as well as the 
imbedded portion. Now the non-uniform distribution of current 
is confined largely to the imbedded portion, so that the resistance 
drop measured is an average of the drop due to the non-uniformly 
distributed current in the imbedded portions and the more or 
less uniformly distributed current in the end portions. If the 
length of the end portion is not small compared to the imbedded 
portion, an appreciable error may be introduced. Тһе close 
agreement between test and calculations would seem to indicate 
that either this error was small or else had been considered. 

B. A. Behrend: The great value of this paper appears to 
me to lie in its bringing out the importance of current dis- 
tribution in the conductors of direct current machines. This 
matter was first referred to in 1905 by A. B. Field and later in 
1906 by M. B. Field, the brother of A. B. Field to whom a 
great debt is due for first presenting the investigation of the 
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phenomena of eddy currents in deep slot-wound conductors. 
As Mr, Field was associated with me at the time he made his 
investigation I feel great satisfaction and pride in the value 
which his work has acquired as the art of designing large machines 
has progressed. Professor Lyon has done so much to elucidate 
and elaborate these theories that a paper like the present will 
once for all dissipate the conception, held by most designers, 
that the current distribution in the conductors of direct current 
machines or synchronous converters ean be uniform. This isa 
great service besides the value of the paper with its instructive 
diagrams and its painstaking calculations including harmonics 
up to the thirteenth. 

As Mr. Park has pointed out, it is possible to attack this subject 
with the powerful methods of the operational calculus. The 
electrical engineer must recognize that resistance operators and 
operational solutions as first propounded by Heaviside forty 
years ago cannot be ignored much longer. They have come to 
stay, greatly simplifying the mathematical work and bringing 
new problems under the scope of the new methods. 

The subject is now ripe for a complete review and it is to be 
hoped that Professor Lyon will give us this and thus bring out 
the thread which runs so beautifully through all the problems 
of this nature. Eddy currents in solid slot-wound conductors 
exhibit in a marked degree the phenomena which occur in solid 
conductors in air at much higher frequencies. The magnetic 
field is under control by shaping the slots and, therefore, a 
great many experimental configurations can be subjected to 
analysis both experimental and mathematical. By the use of 
Heaviside resistance operators solutions can be obtained in 
little time and generalizations effected which are too cumbersome 
with other methods. 

W. V. Lyon: In answer to Mr. Franklin's query, I will say 
that the length of the end turn was approximately 10 per cent 
of the length of the coil. All of the results have been corrected 
for this. 
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On Application of D-C. Compound Motors 
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Synopsis.— When a d-c. compound motor is started, the rise of 
currentin the series field induces a voltage in the shunt field counter 
to that applied, and the shunt field current may reach several times 
normal value in a negative direction. This current reversal gives, 
in effect, a differentially compounded motor during the starting 
period and causes the starting torque to be materially reduced. 
In many applications of compound motors, therefore, predetermined 
performance is not obtained. In particular cases where the motor 
is continually started and stopped, the effect may be so serious as to 
dictate the choice of another type of motor, or one of a special 
design lo minimize the undesirable action. 


INTRODUCTION 


N the compound motor there are two distinct electri- 
eal circuits linked by a common flux. The current 
changes during transient periods are therefore not 

inter-dependent, though in most motors the current 
in the shunt field is dependent largely on the current 
change in the series field. In the series circuit also, 
there is an induced voltage which depends on the flux 
linking the two coils as well as on the speed, which in 
turn is a function of the flux, series current, and time. 

There is, in effect, a third closed electrical circuit 

consisting of the solid iron portions of the frame and 
poles, in which eddy currents flow exerting an influence 
on the main flux. 


Кто. 


1—DiAGnRAM or ТЕвт CIRCUIT 


The motor may be started with an initial current in 
the shunt field or by closing both field circuits simul- 
taneously. In either case the rise of series-field current 
will induce in both the shunt field and the solid iron a 
current tending to oppose the establishment of a flux. 
The induced voltage in the shunt field will be opposite 
to the impressed voltage and usually will be greater on 
account of the high transformer ratio between the 
fields. The shunt field current will usually reverse and 
restrain the flux from increasing as rapidly as the 
series current. Under such conditions, the starting 
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In case the compound motor is disconnected from the line while 
running, and reconnected with no external resistance, the delay in 
establishing a flux due to the damping action of the shunt field may 
permit excessive currents to flow. 

In other 4-с. motors, currents induced in the solid iron portions 
of the frame and poles exert a damping effect similar to that of the 
shunt field in the compound motor, which may at times be unde- 
sirable. A study of such transients leads to means by which they 
may be minimized and provides calculation methods for predetermin- 


ing molor behavior. 
* * * * * 


torque would be less than with an equivalent straight- 
series motor. 

The oscillogram in Fig. 2 was taken with a compound 
motor connected as in Fig. 1. The machine was 
externally driven at constant speed in order to obtain 
the instantaneous field flux which is directly propor- 
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tional to the armature voltage. The series current 
in this case rises inductively to a value limited only by 
the resistance, and the shunt current reverses, reaching 
a negative peak of 2.5 times normal. The flux increases 
very slowly. Another film (Fig. 3) was taken with the 
shunt field open circuited. An initial current in the 
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series field gave the same initial flux as in the first test, 
and this current was increased to the same final value. 
It will be seen that the flux rise is much more rapid, 
though it does not increase directly in proportion to the 
series current because of the solid iron damping. 

The reduction of starting torque due to the shunt field 
damping is usually obviated by reducing the starting 
resistance in series with the motor. This procedure, 
however, causes the energy required for starting the 
machine to be increased, and also causes the motor 
current to reach a higher starting peak. The latter 
may cause sparking at the commutator and would be 
undesirable from a standpoint of contactor burning 
if the motor circuit were opened frequently very soon 
after the machine was started. 

Transients in d-c. machines in general have been 
dealt with by K. L. Hansen in a paper presented at the 
Midwinter Convention of the A. I. E. E. in 1917, and 
though the reversal of the shunt field current was 
cited in this paper, there was no attempt made at that 
time to find the exact effect of this reversal on the 
transient motor characteristic. 


4—DIAGRAM OF Moror CONNECTIONS 
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ANALYSIS OF TRANSIENT CURRENTS AND FLUX 


In eompound machines most of the damping is 
because of the shunt field. It is also possible to take 
into aecount the effect of eddy currents in the iron by 
properly choosing the circuit constants, and the third 
electrical circuit may therefore be neglected. If 7, 15 
the series current and 4, is the shunt current, the flux 
will be,. neglecting saturation, proportional to a ficti- 
tious current (7) which is expressed as 


4 = 41 | @ 15 


in which а is the ratio of the number of shunt field- 


turns to the series field-turns. The two fundamental 
equations, referring to Fig. 4, will be: 


di di 
Е, = М -jr +1 P + Riiiteg 


d di 
Е, = Мт tL ТЯ + Rots 


The generated voltage е 7 must be expressed in terms 
of instantaneous speed and flux. The constant M 
is the coefficient of mutual inductance. L is the 
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inductance due to the leakage flux linking the series 
field, plusthe armature inductance, and L is the leakage 
inductance of the shunt field plus any external 
inductance. | 

The solution of these equations is given in the appen- 
dix (Equations I and II) In Fig. 5 the curves are 
plotted for the two currents, flux, and torque, assuming 
that the motor is started with an initial shunt field. 
As shown by the curves, four-tenths of a second elapses 
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before the shunt field ceases to handicap the series 
field. Itisinteresting to note that as the series current 
decreases when a counter e.m.f. is established, it 
eauses the shunt current to become greater than normal 
in a positive direction. 

From these curves it is evident that a very "um 
time elapses before the currents reach their peak 
values. Sinee the magnitude of the damping is largely 
a function of these peak values, it is usually sufficient to 
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obtain only the very early part of the transient in 
order to determine the effect of damping. The arma- 
ture of the motor will not begin to rotate until after 
the current peaks are passed. It is, therefore, often 
convenient to assume that the motor is blocked and 
that e g in the equation is zero. A solution under this 
condition is given in the appendix (Equations III and 
The curves are plotted in Fig. 6, and compare 
with the test of Fig. 2, except that armature inductance 
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was not in the circuit during the test. Furthermore, 
the effect of saturation was neglected in the calculations. 

In case the motor is running and the circuit is opened 
and then closed before the speed has dropped appreci- 
ably, the term eg is a function of flux only. Equa- 
tions (V and VI) in the appendix give this solution, 
and in Fig. 7 the curves are plotted. It was assumed 
that the shunt and motor circuits were both opened 
and closed, or that no initial flux was present. In 
previous solutions the transients were non-oscillatory; 
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that is, there was no periodie pulsation of current. 
Under the present conditions, however, the constants 
must nearly always be such that the final solution 
contains sine and cosine terms. The phenomenon 
therefore resembles a condenser charge. 

The load on the motor was assumed to be such that 
100 amperes were required under steady-state condi- 
tions. The curve of series current during the oscilla- 
tion decreases below 100 amperes, later regaining this 
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represented by a compound motor in which it is assumed 
that there is no inter-action between the two fields. 
The shunt field current will remain constant at its 
initial value during the transient, if such an assumption 
is made. The fundamental voltage equation for the 
series circuit then becomes: 


dt, 
Е, -L—— dt +Rit+teg 


(C) 
In this equation, L is the sum of Li and M. The curves 
of torque and current resulting from its solution 
(Equation (VII), Appendix) are also plotted in Fig. 5. 
The maximum torque is more than twice as great 
as that obtained with damping. "The average value of 
torque during the starting period, with damping, is 
3250 ft-lb., and without damping, is 4600 ft-lb., or 
the reversal of the shunt field current causes the torque 
to be decreased to 71 per cent of its value. The iron 
would saturate during the current peak, however, and 
the true torque would be less than 4600 ft-Ib. if there 
were no field interaction. 

If it were not necessary to increase starting torque 
by reducing field inter-action, but rather to decrease 
the current peak and starting energy, additional 
starting resistance could be inserted in the ideal motor 
circuit and the same average torque could be obtained 
with 71 per cent of the average starting current. 
The starting loss would be decreased as the first power 
of the current because additional resistance had been 
added, and the average starting power could be reduced 
to 71 рег cent. 

Fig. 8 is an oscillogram taken as a compound motor 
was started with a shunt generator for load. The 
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value. The shunt current, also, oscillates past the 
steady-state value. The time for one cycle of the 
oscillation is about the same as that required for 
the transient to disappear. 


RESULTS OF CURRENT TRANSIENTS 


In order to find the quantitative reduction in starting 
torque resulting from the transients described, the 
curves in Fig. 5 may be compared with curves obtained 
from an ideally perfect case. This ideal case may be 
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8—OSCILLOGRAM OF MoTon-STARTING TRANSIENTS 


curves in Fig. 9 are an analysis of this oscillogram 
showing how the total input power is divided in the 
motor. The accelerating power was calculated from 
the moment of inertia and instantaneous speed. The 
losses due directly to field inter-action are included 
in the load loss curve. Actually, the additional current 
necessary to provide a given starting torque with a 
weakened field, gives rise to additional and unnecessary 
copper loss. The curve of “essential input" is the 
sum of the actual required power, and the area between 
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_ the two input curves is the loss which may be charged 
to field inter-action. This loss is within the motor 
itself and does not include the additional loss incurred 
in the starting resistance because of field interaction. 
| The peak of starting current is a function of generated 
voltage at the time of the peak. With no field inter- 
action, and consequently a higher flux, this peak will be 
reduced at the same time the starting torque is 
increased. 


METHODS OF REDUCING FIELD INTER-ACTION 


The damping action of the shunt field in magnitude 
is proportional to the area traced by the curve of shunt 
current during its decrease, and this in turn is some- 
what proportional to its lowest peak. There are three 
methods of reducing this area: 

1. Altering the time constant of the shunt circuit. 

2. Placing resistance in the series circuit. 

8. Changing design constants. 

A study of the curve of shunt current in Fig. 6 shows 
that the current decreases very rapidly and increases 
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slowly. The increase is a function of the time con- 
stant of the circuit itself, but the decrease may be 
very rapid because the series current is changing at 
the same time but in the opposite direction and, there- 
fore, the flux need not change rapidly. In fact, if 
L, and L: are zero in the fundamental equation, the 
current may reach its peak in zero time. Such phe- 
nomenon has been observed in case of very small 
leakage between the windings. If the time constant 
were increased, as by placing the field coils in parallel 
rather than in series, the shunt current would regain 
normal value more rapidly, thereby increasing the 
flux more rapidly. At the same time, however, the 
current peak is increased in a negative direction and 
the traced area will be larger than before. 

If, on the contrary, inductance is added to the 
shunt field circuit, the negative peak is decreased and 
the area will be less. In Fig. 6, curves are plotted 
for the currents and flux, with a large inductance in the 
shunt circuit. These may be compared with the 
other curves in the same figure, in which L; was 10 
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henrys. It will be seen that the peak is reduced from 
1.7 amperes to 0.5 ampere. 

The oscillogram in Fig. 10 was taken with the field 
eoils in parallel and may be compared with Fig. 2. 
It will be seen that the negative peak has been in- 
creased and the area increased even though the current 
regains steady state more rapidly. 

Equation (VIII) in the appendix, which is a . simplifica- 
tion of Equation III if the self-inductive coefficients 
are zero, states that the negative peak of shunt current 
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depends directly on the resistance of the series circuit. 
Therefore, if the starting resistance is increased the 
field inter-action is decreased, and within limits the 
starting torque will remain materially unchanged. 
In Fig. 11 it will be seen that the series current is less 
than in Fig. 2 because of additional resistance, and that 
the negative peak is somewhat reduced. 

The design of the motor may be changed by altering 
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the relative copper on the two fields. The worst 
condition is an equal division. Equation (8) also 
shows the inter-action to be a function of the turns 
ratio; and that if more turns were placed on the shunt 
field and a smaller current were carried by the coils, 
transient conditions may be improved. It is not 
always feasible to make such changes, however, and 
in such cases another type of motor is the best solution. 
This, though, would rarely ever be necessary. 
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CONCLUSIONS 


It is obvious from the preceding discussion that with 
many applications of compound motors, the action of 
the shunt field has no particular disadvantage. It is 
only in case the starting torque must be all that the 
motor could possibly supply, or in case the motor is 
constantly started and stopped, that such phenomena 
become important. 

In case there is doubt as to whether or not the tran- 
sient conditions will influence compound motor behavior 
Equations (3) and (4) in the appendix may be used with 
good accuracy to calculate the initial transient. The 
effect of saturation should be taken into account, and 
it may be obtained by first finding the relation of 7 
and time, then plotting the flux against time by the use 
of a saturation curve of the particular motor involved 
and the curve of 2. The resulting curve of flux and time 
will be somewhat in error because saturation is still 
neglected in finding the transients of ?; and ?;. 

In case the shunt field current reverses appreciably, 
and the flux rise is much slower then it would be neglect- 
ing field inter-action, (even though saturation is also 
taken into account in finding the flux rise in case there 
was no field inter-action), it is probable that the appli- 
cation would be best fulfilled by a straight series or 
shunt motor. In the event that a compound motor 
is desirable, however, for other reasons, the design may 


be altered by changing the relative amount of copper in 


the two fields until field inter-action as calculated by 
Equations (3) and (4) is sufficiently reduced to give 
satisfactory operation. 

In drawing general conclusions from the above, 
it must be remembered that there are many types of 
motors so-called compound, including those which 
have only a small series or shunt stabilizing winding. 
Because field inter-action is most severe with an equal 
division of copper in the two fields, this latter group of 
motors is only slightly affected by the described 
phenomena. In case of true compound motors, which 
derive a large portion of their flux from both fields, the 
general conclusion is that on account of their peculiar 
transients, they must be applied with care. 

Also, because of the variation in magnitude of start- 
ing resistance used with the motor, it is not possible to 
state definite conclusions with regard to a particular 
motor, without taking into account the exact appli- 
cation conditions. The contents of this paper may 
therefore serve to aid in checking doubtful applications 
and in making more clear the general phenomena of 
compound field inter-action. 


Appendix 
EQUATIONS FOR MOTOR STARTING 
The fundamental equations for obtaining compound 
motor transients are (from Fig. 4): 


di d à 


Е = М —— dt + hi dt + Rit teg (1) 
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dt di 
Е, = а М —— dt + Ls PI + Rete (2) 
t = 1 +04 (3) 


If the motor is to be started, the speed and flux will 
vary with time, and therefore: 
eg=kos (4) 
in which s and ¢ are instantaneous values of speed and 
flux. The instantaneous speed is 


і 
S = у adt (5) 
б 
in which о is the angular acceleration. 
T 
Then a= = (6) 


(T a) is the accelerating torque and equals the total 
torque produced by the motor minus the counter or 
load torque. The accelerating torque is usually large 
as compared with the counter torque, and the latter 
may be neglected during the transient. 

ki bt 
Then о = — (7) 
in which Г is the moment of inertia. 
Combining Equations (4), (5), (6), and (7) gives: 


t А 
eg - ko f oa: (8) 
б 


If saturation is not taken into account, ф is propor- 
tional to ? and may be replaced by this fictitious current 
times a constant. 

Equations (1) and (2) are very difficult to solve 
if e g is replaced by Equation (8), but it may be assumed 
in Equation (8) that the flux, which does not vary a 
great deal if the motor is started with an initial field, is 


constant. The average value of the flux may be used. 
Equation (8) therefore becomes: 
t 
eg=Kfidt (9) 
б 
and (1) and (2) are then: 
di d 4i 
Е, = М —— dt + i. dt - RR fide (10) 
d d 4 
Е, = аМ -jr +1. 7 + В, (11) 


The solution may be obtained easily by use of the 
Heaviside Expansion Theorem. (See “Heaviside’s 
Operators in Engineering and Physics,” by Ernst 
Julius Berg in the “Journal of the Franklin Institute," 
November, 1924.) 


d 1 
Letting p be the operator EIS and P3 be the operator 


Г d tunder Heaviside conditions, and from the relation 
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di dt diz 
di ^ d еа 

Equations (10) and (11) may be rewritten: 


k 
E, =a M pi E (Mp Ip —- +R) i 


= b 2, + А; 3; (12) 
Е, = aM трі; + (a? M p + Le р + Rt 


Let Е, = 0 to find the equation for the transients of 2, 
E 

then the steady state term om may be added for the 
2 


complete solution. 
From (13) and (12) 


A А, А,ї 
ti EY 79 Е, = 64 — E 
s Е, 
з = Ww— А, А, 


Replacing the three constants by their values and 
simplifying, 

Se aM р _ Y (p 
* Fp + Gp +Hp+KR. Z(p) 
F = (œ М L, + L, М + Г. Le) 

G = (а? M R, + R, Le + R: M + R: Li) 
Н = (В.Е, -- 9M K +1, К) 
Equation (14) is termed the operational solution, and 


it may be transformed into an algebraic solution by 
means of the Expansion Theorem, the form of which is: 


: Yo Y, e?! 
inis Ze +> dZ . • • E | 


dp 


(14) 


where 


р = р, рг... 
The roots pı, p», and p, may be obtained by solving 
Z (p), the denominator of (14) for p. 


Yo 
The term Zo is the steady state solution and in this 
case, with zero substituted for p in (14), is zero. The 


final result obtained by substituting in the Expansion 
Theorem is: 


s Е, Е a M p; е" 
= Re CL3Fp! + 26р +H 
a M p: е?“ a M p; є? 
i 3 F pè + 2Gp: + H 3 F p? + 2Gp: + H 


(D 

In this equation the steady state term has been added. 
To find 7, solve for 22 in (13); substitute the term for 

4 in (12) and solve (12) for 4,. From this operational 
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solution, the complete solution may be obtained as 
before, and is: | 


Ка M + І.) pı + Ro] е" 
3Fp?--2Go1--H 


[02 M + Lz) p» + Ra) е“ 


(а M + Le) ps + Re] et! T 
3 F pè + 2Gp: + Н 1) 


The curves plotted in Fig. 5 were from the numerical 
evaluation of these equations in case of starting a 70- 
hp. compound motor with an external resistance of 
0.82 ohm. The ratio of series field ampere-turns to 
shunt field ampere-turns is 2.5. The constants of the 
motor are: 


t = Е, 


Rı = 0.378 a = 88 

Е. = 0336.0 К = 0.5 

Ei = 310 

Е, = 230 Then F = 0.635 
M = 0.012 G = 44.5 
L, = 0.005 Н = 177.5 
Г, = 10 


The cubic equation for 4 (р) is 
0.685р? + 44.5 р? + 177.5 p + 160 = 0 
The three roots are: 
r= 65.7 Фә = — 2.7 
Equations (1) and (2) become: | 
to = 0.685 + 8.5 e-957! — 18 e-?-7! + 9.5 e7145: 
| $i = — 770 e—8-7¢ — 350 €-2-7! + 1120 «!-45: 


Ds = — 1.45 | 


EQUATIONS FOR MOTOR BLOCKED 
In case the motor is blocked, e g is zero and equations 

(12) and (13) become: 

Е, = 1. (Е, +pli+pM)+aM pr (15) 

B,=i1(R.+ р1 + а0рМ) +0 М рі, (16) 
E; may be called zero as before if the motor is started 
with an initial field. 
The two operational solutions are: 

— Е, (a M p) 


Fp + бр + Р. В, (17) 


$9 = 

Е. (т + pL: + ра M) 
Ер + ар+Е, Е, 

F= (11 +1. М +оа МІ.) 

G= (R: Lı + R:M + L: Rı + Б, а M) 


In this case Z (p) is a quadratic and the algebraic 
roots may easily be found. 


The complete solutions are then: 
E: E 14 M 
R 2 VA G—4F R, R 2 


ii = (18) 


in which 


are ES 


G2? RiR: 
AR [ Мат E 
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G2? Ri Re 


F2F 4 


Gt 
; Жый 
| € 2F 


E, 2F R: 
ú a E FS LLAMAS ee t 
ti В, д (лс ЖОШ. 


(Ш) 


=€ 


G2 _Rı Ro 


а FC 


Г, + 0 M ) 
VG — АЕР, Б, 
+( 2 F R: 
G@G+GJ/@—-—4FR,R.—4FR,R, 
Г» + а М РТС RS — 
— ——————— 4F2 F IV 
GER) ]. nd 


These equations were evaluated for the starting of the 
same motor but with different voltages and resistances. 
The changes are: | 


E, = Е, = 280 
Е, = 230 


Е; = 0.75 
If І, = 10, 
4; = 807 — 40 e?-1! — 267 є—!0-7: 
ia = 1 — 3 €! + 8 eio: 
If La = 100, 
41 = 306 — 160 є-1*— 146 є-!3°: 
4 = 1 — 1.65 e—!2! + 1.65 e7130: 
An approximate solution will be obtained with the 
motor blocked for the purpose of showing the 
dependence of field interaction on certain factors. 


The fundamental equations might be written, neglect- 
ing leakage inductance, 


di 
di 
Е. = аМ -jr + Rots (20) 
These equations may be rewritten in terms of 7. 
a RıM + R: М ) 
( R: а ee 
R.E Р, Е di 
_ (Ate. шой ahred (21) 
Т dt 
The solution is known to be: 
| А ET 
ИС P xrY 
t= UR. (1 А € ) (22) 


in which A is an arbitrary constant. If an initial field 
is present, when ¢ = 0 
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and (22) becomes 
Z b -(x- а Е, у 
В, Е, Re 
This equation may be differentiated and substituted in 
(20), from which 
Rit 


, _ ЕЁ, Lo 9E — К 24 
"Nc R: i а? ЕЁ, + Е, S ( 


The maximum negative peak occurs when ¢ = 0, and is 
therefore 


(23) 


8 Es a Е, . 
1» (max.) = Р, @R +R, (УШ) 
РЕ, is small compared to a? R,, so that, approximately, 
б E: Б, : 
22 (max.) р В,» = a В, (25) 


This equation shows that the negative current peak 
depends on the primary voltage and resistance and the 
turns ratio. 


EQUATIONS FOR MoTOR RUNNING 


In case the switch is closed with the motor running at 
normal speed, the expression for e g becomes: 


eg=Ko 


and it is not necessary to make any assumptions. : The 
voltage equations become then: 


Ei = (р. +рМ + ВЕ, + К) і, + (Мар + Ка) iz 
(26) 


Е = аМрі, + (р1 + 0 Мр + Р.) 1, (27) 


If the shunt field has по initial current but a voltage is 
impressed on both circuits simultaneously, the solution 
may be obtained by solving for 7; and 2. with Е, = 0, 
repeating with E, = 0, and adding the two solutions 
to obtain the complete one. The operational solutions 


are: 
—bEiaMp 
ГЕТЕА е 
(pL: +a M p + Е.) 
i =E: Ppap H (29) 
when E; = 0, and are 
; pLı+pM +R: + К 
s-E( Earn ) ®® 
: paM -- Ka 
а= -Е( сун) 2 
when E, = 0 


F = (11 4-D4M + æL, M) 
G = (L; R +L: K + à M Ri + Lı R: + M R 
H = (В.Е, + R: K) 
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Solving Z (p) for p gives: 


-F | P н 
-2G8 EN Iæ Р 
EL NN io сц d b 
In most cases F > 1С: and pı and pz must be 
expressed as 
pı=—-a+jB 


р = – а-– } В | 
Equation (28) placed іп the expansion becomes. 
–2Е,0 М EU m АРКЕ 
i = —— i in q| —— E е 
МАНЕ С К АР 
(32) 
This equation forms а part of the complete solution, the 
remaining part being obtained from (30). 
The entire solution for 22 is: 


E(Ri+ K) | ag == See Bt 
“R, R: + Е.К 4 F? В? + С? j 
JIH FẸ 
GQ—-2FB(Li+ М) . с 
TPR oR die^ v) 
in which Ө = (E; + K — Li — M) and E, = E. 


The entire solution for 2; obtained from (29) and (31) 
is likewise: 


|. E(R4Ko) ооа " 
“= "RR, БКВ, 4 Е* B: + Ge 08 5 * 
GP-2FBS 


Gt 
+ oP aE Bt) 2F (VI) 
in which 
P= (Р, + Ко – L — а М — M) 
5 = (аМ +1 + а? М) 

Assuming that К is 1.2, the steady-state motor 
current will be 100 amperes. Also, R, = 0.058 Е, = Е, 
= 280 R: = 280. The above equations were eval- 
uated by supplying the other constants for the same 
motor with the results: 


4, = 1— (eos 18 t + 24.5 sin 18 t) e1*?! 
41 = 100 + (— 100 cos 18 ? + 2223 sin 13 t) ect 


EQUATIONS WiTH No DAMPING 
To obtain a solution for the ideally perfect case of 
no damping, the fundamental equation is: 
Ldi 
dt 


It will be assumed that the motor is starting with an 
initial field. The operational solution is: 


t 
E, = ++ К | її 
0 


E -(E«L +—)i 
y 1 p р li 
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and the complete solution is: 


i= E| 


РЫ шз 
/R; — РАКІ - Ri 


MV ALS кє К 
pec |e 
—/R? —AKL-—R| | 
If the same constants are used as those in the first 
part of the appendix, except that L = L, + M, 


= 950 e-1-4t — 950 e-20.5: 
= 0.685 


'Throughout all the above equations, the action of the 
eddy currents in the solid iron may be taken into 
account approximately by using a fictitious value of 
M. "The action of the eddy currents is to permit more 
rapid current changes than would otherwise be possible, 
which means that M must be reduced. The proper 
value may be found experimentally by taking with an 
oscillograph the rise of current in either field with the 
other field open circuited. The value of inductance 
ealculated from a curve thus obtained will be low even 
if the iron does not saturate, and this value used in the 
equations will approximate the eddy current damping. 


(VII) 


Discussion 


R. F. Franklin: There is one important point which Mr. 
Ludwig has not discussed. The effect of the induced shunt- 
field eurrent in retarding the flux build-up and reducing the 
motor starting torque has been ably treated; the effect on com- 
mutation, another important consideration, has been neglected. 
During transient conditions, commutation is affected by both 
the magnitude of the armature current and the rate of flux 
change in the motor. For various reasons, enumerated by the 
author, it is desirable to keep the starting current a minimum, 
and from a commutation point of view this is desirable also. 
However, with regard to the flux change, for high torque it is 
desirable to allow the flux to increase as rapidly as possible, but 
for best commutating conditions the flux should change only 
slowly. And so we have two operating conditions which require 
conflicting features of design and in the consideration of one the 
other cannot be neglected. 

L. Н. Ludwig: It must be remembered that there are two 
applications, in one sense of the word, for compound motors. 
The limitation to be met in one of these cases is the torque, and 
severe applications may dictate maximum possible starting 
output. It is in such cases as these that the elimination, as far 
as possible, of field interaction will lead to better compound- 
motor performance. 


If, on the other hand, the application is such that commuta- 
tion is a limit, then if it is possible to reduce field interaction, and, 
therefore, to insert additional starting resistance in series with 
the motor, and by this means decrease the peak value of current, 
commutation can certainly be aided. The changes in field flux 
in cases with which the paper deals, are so slow (see Fig. 2) that 
increasing this flux more rapidly will increase the voltage induced 
in the short-circuited coils by transformer action, to a very small 
extent. That is, the effect on commutation of more rapid 
acceleration can be neglected because the decrease of peak 
armature currents has a much greater beneficial effect on com- 
mutation than the more rapid flux change has harmful effect. 


Loudspeakers of High Efficiency 


and Load Capacity 
С. В. HANNA* 


Associate, А. I. Е. Е. 


Synopsis.—The design of high quality horn-type loudspeakers 
with moving coil drivers is considered. Efficiency and maximum 
output capacity obtainable from this type of loudspeaker are calcu- 


I. INTRODUCTION 


WO very desirable properties in loudspeakers 
besides fidelity of reproduction, are high efficiency 
and high output capacity. Efficiency is desirable 

not because power from the source (light socket or 
batteries) is costly, but because it means that a smaller 
power amplifier may be used. This greatly decreases 
the first cost and also the cost of maintenance. In the 
ease of auditorium loudspeakers, high output capacity 
from the amplifier is obtained usually by the use of 
high plate potentials. For this reason, it is desirable 
to make it possible to use amplifiers of smaller rating 
with consequent lower voltages so that inexperienced 
operators may readily maintain them. In the case of 
a home loudspeaker, this is even more desirable. 


High output capacity, of course, is more neces- 
sary for auditorium loudspeakers than for home loud- 
speakers. The average small loudspeaker, however, 
is not capable of radiating sufficient sound without 
overload when certain kinds of music are being re- 
produced even for the home. 


In the early days of loudspeaker development, loud- 
ness and fidelity in reproduction were thought to be 
incompatible. As time went on, some workers began 
to reason that perhaps by sacrificing efficiency, the 
fidelity of reproduction at reasonable volumes could be 
improved. So, by heavy damping or by the use of 
vibrating systems in which inertia played the principal 
role, they made devices which were more faithful in 
reproducing sounds, but were less efficient than the 
preceding highly resonant loudspeakers. The success 
of these developments led many to believe that high 
efficiency and high quality were not to be found to- 
gether in loudspeaking devices. 


The purpose of this paper is to describe a high quality 
` loudspeaker, the efficiency of which is many times that 
of the conventional type and of very large load 
capacity. The author is indebted to many other 
workers in this field for the great wealth of information 
that has been made available in recent years} through 
publications. 


*Research Engineer, Westinghouse Elec. & Mfg. Co., Hast 
Pittsburgh, Pa. 

{For all references see Bibliography. 

Presented at the Winter Convention of the A. I. E. E., New York, 
N. Y., Feb. 13-17, 1928. 


lated. Methods of providing load capacity greater than that possible 


with a single loudspeaker are described. 
E ж ж 


The new device combines the excellent radiating 
properties of the slowly expanding exponential horn 
having a large mouth! with the good electromechanical 
coupling of the electrodynamic or moving coil motor 
element. Both of these make for high efficiency. 
They also make for great load capacity, for with a good 
radiating system, the diaphragm may be small and the 
motion of the diaphragm slight, making it fairly 
easy to prevent rattling; and with a moving coil 
drive, the force does not vary with displacement, 
eliminating a source of non-linearity common to 
moving iron types of drivers. It is likely that no other 
combination of radiating system and motor element 
has such possibilities of efficiency and load capacity. 


II. DESCRIPTION AND DESIGN OF THE LOUDSPEAKER 


a. The Horn. Before considering efficiency and load 
capacity, the design of a system which responds uni- 
formly to a broad band of frequencies must be dealt 
with. It is well known that the exponential horn is a 
uniform radiator of sound for a given air velocity at its 
throat for all frequencies, from the highest down to а 
certain critical or cut-off frequency determined by the 
rate of expansion of the horn section.! If the equation 
of the horn is 


А = А„є” (1) 
the cut-off frequency is given by the relation 
Ba 
f= res (2) 


where a is the velocity of sound in air. If cm. units 
are used for x, а should be in centimeters per 
sec. or 34,400. Above this critical frequency, the 
radiation resistance at the throat of the horn rapidly 
approaches a constant value of 

= pa Áo (3) 
where p is the density of air. The value of p a is 41.2, 
this figure representing the mechanical impedance 
density in dynes/(cm./sec.), (or mechanical ohms) per 
sq. cm. of area at the throat of the horn. To attach 
some physical significance to this figure, a throat of 
one sq. cm. section, having for its mechanical impedance 
41.2 ohms, will radiate 41.2 ergs per second of sound 
power when the velocity of air at its throat is one cm. 
per second. This relation, of course, is exactly analo- 
gous to the electric case of a resistance of 41.2 ohms 
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which would dissipate the same number of watts for a 
current of one ampere. i 


The relation given above assumes that the horn is - 


extended to a large area at the mouth so as to transmit 
the sound energy effectively to the atmosphere. In 
the paper to which reference is made; it was suggested 
that the diameter of the mouth (if of circular section) be 


4 


Рр = в (4) | 


In terms of the wavelength once to the cut-off 
frequency, 
A 


D = — 
T 


(5) 


In' practise, the mouth may be somewhat smaller 
without causing serious resonance effects. Horns of 
sections other than circular should have mouth areas 
equivalent to the above circle. 

The exponential horn is now generally recogmzed as 
the superior shape. A recent paper by Ballantine? 
shows that the so-called Bessel horns of the type 
A = b x" are similar to the exponential horn in their 


. Fie. 
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radiation characteristic if n is chosen very large, and 
a statement is made that, in view of this, the exponential 
horn loses a great deal of its significance. As a matter 
of fact, the Bessel horn approaches the exponential 
horn not only as to radiation characteristic but as to 
shape as well when n is increased without limit. This 
fact was shown by the present writer in his discussion 
of Ballantine’s paper? Thus, Ballantine's work in 
reality gives further evidence of the superiority of the 
exponential horn. 

b. Mechanical Vibrating Systems. Fig. 1 shows 
one form of the new loudspeaker elements with the 
diaphragm placed alongside. Permanent magnets 
of cobalt steel supply the magnetic field. A piston or a 
plunger acting diaphragm with a flexible mounting is 
chosen because it can be made to have only one reso- 
nancein the acoustic range of frequencies; ?. e., a lumped 
mass in combination with a lumped compliance has 
only one resonance. Flat diaphragms as used in the 
past have a number of resonance frequencies within the 
acoustic range because such diaphragms cannot act as 
plungers. 
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To obtain this plunger motion, the central 
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portion of the diaphragm is stiffened by any of a number 
of methods of corrugation while the edge is made very 
flexible, either by mounting on an annular ring of 
rubber or by suitable corrugation of the metal at the 
periphery. In the diaphragm shown in Fig. 1, the 
shape is that of seven intersecting cones with a circular 
bead at the periphery for additional stiffening. Rubber 
is used for the flexible mounting. 

The driving coil may be attached rigidly to the 
diaphragm, but it is better if an intervening resilient 
member of the correct stiffness is placed between the 
coil and diaphragm. In mechanical systems made up . 
principally of masses and a mechanical resistance, better 
transmission of motion results if spring members are 
interposed between the separate masses in the chain.‘ 
This is similar to the electrical case of a telephone 
cable in which capacity and resistance predominate 
and in which the transmission characteristic is improved 
by inserting loading coils at intervals along the line. | 
In the diaphragm shown, six cantilever arms of a 
metallic spider are inserted between the coil and the 
diaphragm. 

The diaphragm is made, of course, as thin as is con- 
sistent with internal rigidity. With most sizes and 
shapes of corrugated aluminum diaphragms, the 
thickness must be at least | 

t = 0.00085 A, = (6) 
(A, = area of the diaphragm) to insure plunger action 
and adequate strength. The justification of the 
constant proportionality between thickness and area 
is that the fundamental resonance frequency of such 
diaphragms, considering the edge at rest, will be the 
same, assuming similar contours for all. This internal 
resonance must of necessity be above the highest fre- 
quency it is desired to reproduce, if the motion of the 
diaphragm is to be like that of the plunger. A fixed 
lower limit to this resonance frequency requires that 
the thickness shall not be less than a certain constant 
times the area. | 

If an air chamber transformer is used to step-up the 
velocity of the air on entering the horn, the mechanical 
impedance imposed on the diaphragm by the horn will 
be increased by me square ul the transformation ratio 


Ad | 
Ao (7) g 


r=4124 (FE As) = 41.2 


Thus, for a given area of арои, е damping may 
be varied by varying А and the correct value of damp- 
ing is secured by proper choice of Аг. The trans- 
formation from the large area of the diaphragm to the 
small area of the throat cannot be obtained physically 
without an air space immediately above the diaphragm. 
As pointed out préviously,' this space must be small if 
the air displaced by the diaphragm is to be forced into 
the horn at the higher frequencies. Some of the 
volumetric displacement of air by the diaphragm must 
go to increase the pressure of air in the chamber and 
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therefore this chamber is the equivalent of a mechanical 
capacity. The stiffness of the air chamber referred to 
the diaphragm is obtained by considering its reaction 
on the diaphragm when the throat of the horn is closed. 
This stiffness, assuming adiabatic changes, is 


14A42 
Se = V, а 


where V, is the air chamber volume апа р, = 1.01 х 10° 
dynes per em.? or atmospheric pressure. 

If the relation between the values of mass of dia- 
phragm, mass of coil, the spring stiffness, air chamber 
stiffness and radiation damping is properly chosen, it is 
possible to obtain a device which responds uniformly to 
all frequencies from the lower cut-off of the horn to an 
upper cut-off frequency which is determined by the 
mechanical system itself. The following relations hold 
for the design if this cut-off frequency is f. 


Po dynes рег ст.“ (8) 


sı = m fèm (9) 
8; = 2 т? fè m (10) 
т —mf.m (11) 


where m = mass of diaphragm = mass of coil 


s, = stiffness of spider 
8» = stiffness of air chamber 
r = radiation damping due to horn. 


Having chosen these quantities in this way, the response 
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curve for f, = 5000 will be as in Fig. 2, for a constant 
driving force F due to current in the moving coil. The 
equation of this curve is: 


2 


F 
W = 107 


1 
ө са та c o" 


p 
Over most of the range W = 10-7 


This relation 


does not take into account the falling off effect at low 
frequencies caused by the stiffness of the diaphragm 
supporting member or the cut-off of the horn. Because 
of the fact that the moving coil-type of drive requires no 
stabilizing restoring force as does the moving iron type, 
this edge stiffness may be made as small as desired. 
In like manner if space permits the use of a large horn, 
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the cut-off frequency of the horn may be made as low 
as desired. | 
The application of the foregoing will be made clear 
if an actual design is considered. Suppose we choose a 
diaphragm of aluminum 1.7 in. in diameter. 
A, = 14.7 em? 
The minimum thickness is 


{ = 0.00085 by 14.7 = 0.00508 cm. = 0.002 in. 
The mass of this diaphragm is 
= 2.7 by 14.7 by 0.00508 = 0.202 gms. 


Considering that the mass of the prongs of the spider 
resilient member, through which the coil drives the 
diaphragm, adds to the effective mass of the diaphragm 
itself, this mass will be increased to approximately 
m = 0.230 gms. 

The mass of the coil and coil form together should also 
be approximately 0.230 grams. By careful design, 
the mass of the form can be made small, so that a good 
percentage of the 0.230 grams will be useful conducting 
material. 

The stiffness of the resilient member between the 
driving coil and the diaphragm for f. = 5000 cycles is 

= 1? by 5000? by 0.280 = 56.7 by 10° dynes per cm. 
This member may be provided by six spokes of a spider, 
the ends of which are attached to the diaphragm. The 
spider shown in Fig. 1 is integral with the coil form, the 
spokes being a continuation of a thin aluminum 
cylinder. The eddy-current losses in the coil form are 
negligible for thicknesses of the order of 0.003 in. Each 
spoke should have 1/6 of the above stiffness or 
9.8 x 10° dynes/cm., the dimensions being determined 
by the formula 


Е 2 13 
s= p (11) 


where E is the modulus of elasticity (7 by 10 in. for 
aluminum), and v, t, and J are the width, thickness, and 
length of the spokes. 'The formula given is for a 
cantilever free at one end. In the present case, the 
width and length of the spokes are chosen and the 
thickness calculated. 

w = 8/64 in. = 0.119 cm. 

1 = 3/16 in. = 0.476 cm. 


9.3 by 105 
7 X 10! by 0.119 
= 0.0224 cm. = 0.009 in. 


Next in order is the determination of the volume of 
the air eavity above the diaphragm. Its stiffness is 
8 = 28, = 113.4 X 10% The volume is determined by 
equation (8) 


From (12) ¢ = 0.476 N 


14 by 14.7? 
113.4 by 10° = “~~ by 1.01 by 10° 
V, = 2.7 cm.’ 


To allow for the annular rubber supporting ring, the 
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diameter of the cavity will be 1% in. larger than the 
metallic part of the diaphragm or approximately 
1.825 in. The height of the air cavity is obtained by 
dividing the volume of the cavity by the area cor- 
responding to this diameter. 


h = 1.60 mm., or 0.063 in. 


A uniform height of cavity is provided, because all 
parts of the diaphragm move through the same 
displacement. 

The required damping and throat area are determined 
from equation (11) i | 
т = т X 5000 by 0.230 = 3620 dynes рег cm. per sec. 


14.7? 
Substituting in equation (7) 3620 = 41.2 XT from 


which A, = 2.46 em? 
A circle whose diameter is 0.7 in. has this area. 

All of the principal dimensions of the loudspeaker 
element have now been determined. The horn should 
have an orifice 0.7 in. in diameter and expand slowly 
enough and have a mouth area large enough to transmit 
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the desired low frequencies. Suppose the required 


lower cut--off frequency is 100 cycles. From 
equation (2) 
оо 
100 = Bby 
B = 0.087 


The equation of the horn is A = A, "97 for cm. 
units. The mouth of the horn should have a diameter 
at least equal to one fourth wave length of the lowest 
frequency or 


34400 
D = м by БЕТТИ ^ 86 ет. = 34 in. 


If the horn is of square section, the mouth area should be 
equivalent to a circle having the above diameter. 

Fig. 8 shows an experimental curve of response 
against frequencies for the loudspeaker of Fig. 1 
when placed on a horn having a 100-cycle cut-off. 


III. CALCULATION OF EFFICIENCY 


By efficiency we shall mean the ratio of sound output 
to electrical input to the moving coil The power 
required for field excitation if electromagnets are used 
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will not be considered. The real advantage of high 
efficiency, as above defined, is that a great saving in 
amplifier capacity is effected. Although the field 
excitation power usually amounts to as much or more 
than the electrical input to the moving coil, it is con- 
veniently obtained. Sufficient power for the voice 
coil however, is not so easy to obtain. 

The calculation of efficiency for the design just 
given will first be made to illustrate the method, and 
then the general consideration of efficiency will be taken 
up. Suppose that the mass of conducting material 
in the coil may be 0.110 grams, without causing the 
mass of the coil and coil form to exceed 0.280 grams. А 
coil consisting of 56 turns of No. 40 copper wire, on a 
form 0.540 in. in diameter, has this mass, and its 
resistance is approximately 8 ohms. With small coils, 
the reactance is not sufficiently great to cause the 
impedance to be much greater than this for frequencies 
up to 5000. When a voltage is applied to the coil of 
such a structure, part of it is consumed in resistance 
drop and part will be expended in overcoming a gen- 
erated voltage due to motion of the coil in the magnetic 
field. A convenient quantity which will be used 
throughout this discussion of effieiency is known as 
motional impedance. This impedance is obtained by 
dividing the generated back voltage by the correspond- 
ing current in the coil. In the case of this type of loud- 
speaker, the velocity of the coil is in phase with the 
current because the driving force is in phase with the 
current and the velocity over most of the acoustic 
range of frequencies is in phase with the force. Like- 
wise the generated voltage is in phase with the velocity. 
Therefore the generated voltage and the current will 
be in phase and their ratio will be a pure resistance. 

This is ealled motional resistance and is determined 


as follows. "The force per unit current, or force factor, 
is : 
= 1/10 Bl dynes per ampere (13) 
where : — the flux density in gausses. 
l = the length of the moving conductor. 
The generated back voltage per unit velocity is 
E,/v = B by 1 by 10-8 
= 10-'by K. volts рег ст. per sec. (14) 
The velocity 
F KI T 
v=; = — 7 сш. per sec. (15) 
The back voltage 
107 K: I 
E, =107 Kv = ————— volts (16) 
from which 
Е 107 К? 
Rn = ес = ohms (17) 


Having determined this motional impedance, the 
efficiency is obtained from the equation 
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Rn 
N= R FR 


In the case at hand, the length of the wire in the 
coil is 246 cm., and if the magnetic field has a density of 
12,000 gausses 


K = 1/10 by 12,000 by 246 
= 0.295 by 105 dynes per ampere 


(18) 


107 К° 10-7 by (0.295 by 108)? 
Rn = " = 3620 = 2.41 ohms 
The efficiency 
2.41 
Y= 842417928 


It might be expected that the efficiency in the 
general case will depend upon the flux density, the cut- 
off frequency, and the conductivity of the material 
used for the moving coil. An expression for efficiency 
in general terms will now be developed. Suppose that 
the coil form has negligible mass and that all the mass 
of the coil may be considered as useful conducting 
material. Let 

m = massin grams. - 

l =total length of conductor, cm. 

A = area of one conductor, ст.? 

6 = density, gms. per ст.3 

p = resistivity, ohms per cm.? 

B = flux density in gap, gausses. 


К = force factor, dynes per ampere in conductor. 
f. = cut-off frequency. 
r = required damping, dynes per cm. per sec. 
б = velocity of vibration, cm. per sec. 
I = current in winding, amperes. 
As before, the motional resistance 
| 107 K? 
К = == ohms 
T 
But К =1/10В1 
апа r = тј, т = т}. д АІ 
Theref Qu EDEN 
erefore е ЕВА 
"m pl 
The resistance of the winding R = CA 
e efficiency = RR, 
10-° В? 1 
Е тј. А 
рі 10 В? І 
А TOA 
10— B? 
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1 
1 + 10° 


т f. po 
(19) 
The efficiency is seen to be independent of the size 

of the unit, if the upper cut-off frequency, the flux 

density, and the mass conductivity of the coil are the 
same for all. High flux density and high mass con- 

ductivity (low р à) are needed. A field of 12,000 

gausses is about as great as can be easily obtained. The 

value of р б is smallest for aluminum being 7 by 10-* 

as against 14 by 10-*for copper. Curves of Fig. 4 show 

the efficiency of a 5000-cycle loudspeaker at different 
flux densities for both aluminum wire and copper wire 
coils. At 12,000 gausses the ultimate efficiencies are 

57 and 40 per cent respectively. 

In practical cases the coil form will not have a negli- 


gible mass; hence, a smaller amount of wire than 


mentioned above must be used. This is equivalent to 
an increase of р ё in equation (19) with a consequent 
reduction of N; efficiencies, however, up to 40 per cent 
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for aluminum wire and 30 per cent for copper wire are 
attainable. | 

It is interesting to compare these efficiencies with 
that of the best hornless loudspeakers of today. A 
calculation shows the latter to be less than 5 per cent 
in the range of frequencies up to about 1000 cycles. 
The gain in efficiency by using the horn results in a 
great saving in amplifier capacity. 


IV. LoAD CAPACITY DETERMINATION 


It might be expected that a loudspeaker of the type 
here described could be made to have a load capacity 
as great as desired by increasing its physical dimensions. 
If the unit is to respond to the high frequencies, how- 
ever, there is a very definite limit to the size of the unit, 
and therefore to the power which it may radiate without 
In all cases this maximum power is less 
for low frequencies because thé maximum diaphragm 
velocity is smaller. This is due to the limited dia- 
phragm displacement as determined by the clearance 
in the air cavity. Thus, the figure for maximum power 
must always be accompanied by a statement of the 
frequency at which this limit is reached. Since for a 
given maximum diaphragm displacement, the velocity 
is proportional to the frequency, and since the power 
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radiated by the diaphragm is proportional to the square 
of the velocity, the maximum power output is pro- 
portional to the square of the frequency. Hence, if 
one watt is the load capacity of a, given loudspeaker 
at 100 cycles, its capacity at 50 cycles will be only 14 
of a watt while at 200 cycles, it will be 4 watts. The 
above reasoning falls down in cases where mechanical 
weakness of the moving parts is the limiting factor. 


Before dealing with load capacity in general terms, 
the maximum output of the particular design of loud- 
speaker previously given will be determined. Suppose 
that the maximum displacement of the diaphragm is 
arbitrarily fixed as that corresponding to a volumetric 
displacement of air equal to one-half the air chamber 
volume. In this case, this displacement will be 0.086 in. 
or 0.092 cms. ‘The power output 
W = Kerby 107 = 16 (2 тј х)? т бу 107 

= 16 (2 т f by 0.092)? x 3620 by 1077 = 0.605 by 10+ f? 
When f is 100 cycles, W is 0.605 watts. 

A general expression for the maximum load capacity 
obtainable from a loudspeaker having a given upper 
cut-off frequency f. will be derived. It has been shown 
that the correct damping for a given diaphragm is 
obtained by a proper choice of throat area for the horn. 


It will now be proved that all diaphragms which require 


equal throat area will also require equal diaphragm 


chamber volumes if the cut-off frequency is fixed. The 


correct air chamber stiffness 


S2 = 2 m? by fem = 2r fer (20) 
1.4 A£ by 1.01 by 10° 
Also "E c (21) 
Ad? 
and | r= 412 5° (22) 
Substituting in equation (20) 
1.4 A? by 1.01 by 106 _ 2T fe by 41.2 by A? 
Vo A, 
from which 
5470 
V, = f A, (23) 


Thus, for a given cut-off frequency and a given throat 
area, the volume of the air cavity is constant. 

The volumetric displacement of air in and out of 
the throat of the horn is definitely limited by this 
volume, and should preferably not exceed 14 У. The 
power is determined by the frequency, the volumetric 
displacement of air in and out of the orifice, and the 
orifice area in the following way; 


"2 


2 
W = 1541.2 A, l- y» ] x 1077 watts 


Substituting for V, 
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by 5470 
W = 14412 A, [ LT ] by 10-7 


f 

= 609 ( £) А, (24) 
From this it is seen that a large orifice is desirable to 
give large amounts of sound output. With available 
materials for the diaphragm, however, sufficient 
damping for obtaining a uniform response over the audio 
frequency range is secured only by the use of fairly 
small orifice areas. With an upper limit of A., there- 
fore, there is a very definite upper limit of load capacity 
in a unit which responds uniformly up to f.. 

This upper limit of A, may be shown as follows: 
It has been stated previously that, with existing 
materials for the diaphragms, the thickness should not 
be less than a certain constant times its area. 


t = 0.00035 A, 


The mass of an aluminum diaphragm for this assump- 
tion is 


m = t Aa by 2.7 = 0.00085 A? by 2.7 (25) 
The required damping 
| r= rfm = т f: ру 0.00085 A £ x 2.7 (26) 


But this value of r is obtained by properly choosing A, 


41.2A 2 
r= An (27) 
From equations (26) and (27) 
a 41.2 Е 13900 s 
o = TF by 0.00035 by 2.7 ^ f (48) 
Taking f, = 5000 
| А, = 2.78 em? 


It is seen that A, is definitely limited to this size no 
matter what diaphragm area may be chosen. 

. From equation (24), the maximum power for 
f. = 5000 is definitely limited to 


W = 0.68 by 10-4 f? (29) 


In view of the requirement of great power in the very 
low register for orean and drum reproduction, this limit 
is somewhat unfortunate. A knowledgeof thelimitation, 
however, prevents one from seeking in the dark for 
a single unit loudspeaker which will give larger outputs 
than the above at the low frequencies and still be 
responsive to the very high frequencies. 


V. METHODS OF OBTAINING HIGHER LOAD CAPACITY 


There are two avenues of approach to the problem 
of obtaining greater load capacity. The first and most 
evident is to use a multiplicity of similar loudspeaker 
units as above designed, either on separate horns, or on 
a single horn having a divided or multiple orifice. 
By this means, the load could be divided equally 
between the several elements and thus prevent over- 
loading of any one of them. A second and more 
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practical approach problem is based on the following 
reasoning: 

It was noticed that the load capacity of a loudspeaker 
which responds to 5000 cycles was greater at higher 
frequencies, and it is possible that such a single-element 
loudspeaker would handle without overload the upper 
register of music and speech for very large amounts of 
power. If a supplementary loudspeaker, (or a group 
of loudspeakers), could be made to take care of large 
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volumes in the lower register, the different bands of 
frequencies could be divided properly between the two 
by means of a suitable electrical network, and thus, a 
great increase in load capacity could be effected. From 
the relations already given (equation (24)), it is seen 
that loudspeaker elements which do not have to re- 
spond to the higher frequencies can be made to have 
greater load capacity. Hence, by making sturdier units 
with heavier diaphragms and larger air chamber 
volumes, the necessary load capacity for the low-fre- 
quency range can be secured. 

This is illustrated by the curves of Fig. 5, wherein 
curve 1 shows the load capacity of a small unit at 
different frequencies, this unit being capable of re- 
sponding to 5000 cycles with uniformity; and curve 2 is 


High Frequency 


Low Frequency 
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for a loudspeaker with a lower cut-off frequency and, 
while similar in shape, it rises to higher values in the 
low frequency register. If the power level required is 
that corresponding to the dotted horizontal line, this 
low-frequency unit will be capable of supplementing 
the high-frequency unit down to a frequency cor- 
responding to the dotted ordinate. The increase in 
power output capacity over what it would have been 
with higher-frequency unit alone is seen from a com- 
parison of the powers where this vertical line cuts 
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curves 1 and 2. In this case, the increase in power is 
about ten, whereas, if two similar small units had been 
used, the power output capacity would have only been 
doubled. 

To make use of an arrangement of this kind, it is 
necessary to devise an electrical network which will 
divide the frequency bands properly between the two 
loudspeaker elements. Of the many circuits which 
might be employed, the circuit shown in Fig. 6 was 
chosen because (a) it has constant impedance over the 
band of frequencies for which the loudspeakers are 
purely resistive in their impedance, and (b) because for 
a given electrical input, the sum of the sound outputs 
of the two loudspeakers in the overlapping range is 
uniform. It is seen that the condenser in series with a 
small unit protects it from the damaging effect of large 
power at low frequencies, while the inductance in 
series with the low-frequency element prevents the 
higher frequencies from passing through this element 
which is incapable of responding to them. 

In the case of a demand for greater capacity than 
is possible with two loudspeakers of different size, a 


Low Frequency p eere 


High 
Frequency 
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third and larger element may be added. A simple 
circuit for three is shown in Fig. 7. This is seen to be 
an extension of the circuit of Fig. 6 by the insertion of a 
capacity in series with the square, paralleled with a 
series combination of large unit and inductance. This 
circuit may also be made to have constant impedance 
over the band of acoustic frequencies and, by proper 
choice of the inductances and condensers, it may be 
made to divide the frequencies between the several 
elements so as to secure the maximum overall output 
capacity, as well as a uniform over-all response to a 
wide band of frequencies. Dr. J. Slepian of the 
Westinghouse Research Laboratories is responsible 
for the suggestion of this circuit. 

It is evident that the use of two or more loudspeakers 
in this way is for an entirely different purpose from that 
of earlier attempts to secure a more uniform response to 
a wide band of frequencies by the use of several loud- 
speakers covering different ranges. In the present case, 
the small unit alone is capable of uniform response to 
a sufficiently wide band of acoustic frequencies for high- 
quality reproduction, but is found limited as to its 
output capacity for large power applications. The use 
of one or two supplementary loudspeakers with proper 
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associated electrical network is made not to improve 
the quality of the reproduction, but to increase the 
output capacity. Each loudspeaker with its particular 
horn has a flat frequency response characteristic over 
a certain range, and in good designs, these ranges 
overlap considerably. The electrical network is what 
causes the tapering off of response of the individual 
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loudspeakers in the overlapping range, so as to ЕТ 
the combined outputs uniform. 

It is necessary, of course, to have a je horn on 
the low-frequency element in order to make it responsive 
down to very low frequencies. The smaller elements 


Fic. 9—THREE-ELEMENT LOUDSPEAKER 
may be used in conjunction with smaller horns, however, 
since the electrical network allows very little low- 
frequency current to pass through them with the result 
that they do not have to radiate low-frequency sounds. 

Fig. 8 shows the three elements of a loudspeaker of 
this type, with their corresponding moving elements 
placed in front of each. Fig. 9 shows the appearance 
of the loudspeaker mounted in cabinet form. This 
particular one responds from 60 to 5000 cycles with 
a load capacity of a 10-watt output at 60 cycles for the 
bass unit. 

The details of design of such a cot bination of loud- 
speakers have been reserved for a later publication, 
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but the foregoing will serve to illustrate in a general 
way the method of solving. the problem of great load 
capacity. 


VI. SUMMARY 


The methods of designing high-quality horn-type 
loudspeakers, having high efficiency and maximum 
load capacity, are shown. The limit of efficiency is 
determined by three factors: the cut-off frequency, 
the mass conductivity of the material used for the 
moving coil, and the flux density of the field in which the 
coilmoves. Efficiencies up to 40 per cent are attainable 
in practise for loudspeakers which are uniformly re- 
sponsive up to 5000 cycles. 

The output eapacity of a single element loudspeaker 
is determined by the upper cut-off frequency and the 
mechanical properties of the best known shapes and 
materials for diaphragms. This load capacity is 
proportional to the square of the frequency and at 100 
cycles is approximately 0.6 watt. 


A method of providing increased load capacity with 
greater simplicity than by using a great many similar 
units is to employ two or more loudspeakers covering 
different ranges of frequencies, but each having. suffi- 
cient load capacity for its own range. With such an 
arrangement, fewer elements are required to give the 
desired increase in output capacity than if several small 
elements of similar design are employed. 


"The writer desires to thank Dr. J. Slepian for valuable 
suggestions, and Mr. W. O. Osbon for carrying through 
much of the design work and for his. contributions to 
the development. : 
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Discussion 
Harvey Fletcher: There are some interesting and novel 
features connected with Mr. Hanna’s paper, particularly the 
suggested use of three loud speakers for increasing the load capac- 
ity. His numerical calculations help to make clear the various 
factors affecting the efficiency of loud speakers. 
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It is well, however, to call attention to the fact that loud 
speakers are now being commercially used which have efficiencies 
greater than that described in his paper and which have practi- 
eally a uniform response through a greater range of frequencies 
than indicated by the curves in his paper. The loud speaker 
used in connection with the public address system which is used 
in the Engineering Auditorium is such a one. A paper by 
Е. С. Wente and A. L. Thuras entitled “А High-Efficiency Re- 
ceiver for a Horn-Type Loud Speaker of Large Power Capacity" 
whieh appeared in the last issue of the Bell System Technical 
Journal, describes the design and construction of this type of 
loud speaker. The driving receiver is one of the moving-coil 
type and is connected to an exponential horn. The essential 
difference between this one and the one Mr. Hanna described 
is in the method of connecting the coil to the diaphragm and in 
the form of the air chamber connecting the diaphragm to the 
horn. In the design by Wente and Thuras the coil is connected 
directly to the diaphragm instead of by means of a spider. Also 
with the form of air chamber which they used, it is possible to 
use a larger diaphragm without sacrificing efficiency at the high 
frequencies, thus making it possible to radiate more energy at 
the low frequencies. In this paper Wente and Thuras also 
describe three methods of making the measurement of the 
absolute efficiency of the receiver, (1) by calculation based upon 
a theory similar to that given in Mr. Hanna’s paper, (2) by 
experimental measurements of the motional impedance of the 
receiver, and (3) by measuring the acoustic pressure and the me- 
chanical impedance near the diaphragm. The close agreement be- 
tween the three methods shows the reliability of the measurements. 
It seems to me that it would be desirable if some measurements 
of this sort were made upon the type of receiver described by 
Mr. Hanna. 

The type of loud speaker having such a high efficiency is in 
commercial use in connection with the Vitaphone and Movietone 
types of talking motion pictures. As commercially produced 
in quantities numbering several thousand, an average efficiency of 
the order of 30 per cent has been realized. 

I should like to ask Mr. Hanna how the response curve shown 
in Fig. 3 of this paper was obtained and also what the zero line 
represented, and what sort of argument he used for deducing 
Eq. 6. In the Vitaphone loud speaker which was described by 
Wente and Thuras a diaphragm of about one-half the thickness 
as called for by this formula was used and it has been found to be 
free from any such resonance as described in his paper. 

A. E. Kennelly: The paper relates to conditions in an 
electric circuit and an associated ''acoustie circuit.” 
is not strictly accurate to speak of “acoustic circuit,” yet there 
are so many points of resemblance between an acoustic system 
and an associated electric system, that the inaccuracy may be 
overlooked for the sake of the convenience. The power input 
of the acoustic system is on the electric side I?R, and on the 
acoustic side v? r, where v is the velocity and r the acoustic resis- 
tance, both in appropriate units. Equating the two, 

PR = 0 т . . . (power units) 
It is neeessary to employ the same unit of power for both sides. 
It seems that, at the present time, the c. g. s. eleetro-magnetie 
system, the parent of our practical, volt-ampere-ohm system, 
is the most convenient in which to select the unit of power on 
both sides of the equation. In that case, / will come out in abam- 
peres, R in abohms, v in em. per sec., or kines, and r in acoustic 
abohms. Every one knows what these units mean, and they 
do not have to be learned afresh. If we do not use the с. g. s. 
system, we have to ‘‘ecreate new unit" names, in order to complete 
the equation. The mechanical or ‘‘acoustic ohm" is not the 
same as the mechanical or ‘acoustic abohm," because it 
belongs to the praetieal system, and has one of several possible 
different magnitudes. 

I think we are mueh indebted to the author for giving us & 
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paper in which the quantities involved are expressed in simple 
arithmetical equations, which ean be readily understood, if the 
proper units are employed. 


W. C. Jones: There are two or three points to which I 
should like to eall attention. 


The first of these has to do with load capacity. After making 
certain assumptions relative to the mechanical properties of avail- 
able diaphragms and the permissible volumetric displacement 
in the cavity which forms the coupling stiffness between the dia- 
phragm and the horn load, the author concludes that the output 
from a single loud speaker is limited to approximately 0.6 watt, 
if it is to respond well at highfrequencies. The so-called lumped- 
constant system has therefore been abandoned in favor of asystem 
in which the various masses instead of being rigidly coupled are 
joined by members of moderate stiffness. In this connection itis of 
interest to note that the experience gained in connection with the 
production of talking motion pictures, has shown that a single 
loud speaker of the lumped-constant eleetrodynamie type can be 
operated at output levels three to four times higher than the 
limiting level set by this paper without serious distortion or 
sacrifice in high-frequency response. The limiting factors 
appear to be heating and mechanical strength of the moving 
parts rather than distortion due to air space phenomena. 


I should like to ask in connection with Fig. 3 whether the 
efficiency based on motional impedance measurements and eom- 
puted in accordance with equation 18 is substantially uniform 
from 150 cycles to 4000 cycles. It is my impression that, if 
the acoustic output from the mocor element to the throat of the 
horn bears the same relation to the electrical input at all fre- 
quencies, the response curve measured at a point in front of the 
loud speaker will not be flat but will rise at the higher frequencies. 


One other point is the matter of field density. All who have 
worked with electrodynamic structures appreciate the im- 
portance of securing high flux densities in the air-gap, and will, 
I believe, agree with Mr. Hanna that an air-gap density of 12,000 
is about as high as is obtained commercially in circuits involving 
a good grade of magnetic iron. In this connection it is of interest 
to note that certain of the cobalt alloys have higher saturation 
densities than magnetic iron, and make possible air-gap densities 
of the order of 20,000 without excessive dissipation of power 
in the field winding. 


С. R. Hanna: The paper by Messrs. Wente and Thuras, 
mentioned by Mr. Fletcher in his discussion, was published sub- 
sequent to the time my paper was submitted to the Institute. 
This paper describes the design of loud speakers which cor- 
respond most nearly to the smallest of the three elements de- 
scribed in my paper because the response is uniform up to about 
5000 cycles. Since only one type of loud speaker is described, 
I judge that the method of obtaining sufficient load capacity 
for auditorium use is to employ a great many of these units 
coupled to a single horn with a divided orifice or to as many 
horns. It is interesting to note that in the lower range of fre- 
quencies, say around 60 cyeles, at least 10 to 15 of these units 
would be required to provide the same load capacity asis obtained 
by the use of three dissimilar units as described in my paper. 


Mr. Fletcher asks for the reason underlying Eq. 6, in which the 
thickness of the diaphragm is equal to or greater than a certain 
constant times the area of the diaphragm. The constant in this 
equation was determined from experience as one which would 
ensure piston action of the diaphragm up to 5000 cycles, as well as 
adequate mechanical strength. Mr. Fletcher states further that 
the diaphragm as described by Wente and Thuras is approximately 
half as thick as would be required by the relation given in Eq. 6 
and is found to be free from resonance within the acoustic range 
of frequencies. I note, however, from the curves of the paper by 
Wente and Thuras, that some resonance does occur in the range 
of frequencies from 3000 to 5000, and it is my belief that 
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this resonance is caused by breaking up of the diaphragm. 

In answer to the question regarding the method of taking 
the response curve which was given in the paper, this was done in 
the usual way by measurement of radiation pressure with the 
condenser transmitter at different frequencies in a damped room. 
The zero line in the graph is arbitrarily chosen. 


Dr. Kennelly urges the adoption of a more convenient nomen- 
elature for mechanical and acoustical impedance. There is no 
doubt that standardization along this line will come about as 
the number of workers in this special branch of engineering 
increases.. 


Mr. Jones asks if the spring method of mounting the driving 
coil upon the diaphragm was used to give greater load capacity 
than is possible with the unit structure. This is one of the 
reasons, the greater load capacity resulting from the greater air 
cavity possible with the divided structure. He points out that 
it has been his experience that heating of the moving coil limits 
the output of loud speakers more than air-cavity clearances. 
Our experience has been that if the full range of frequencies in 
musie and speech is applied to the loud speaker, limitation in 
output will occur in the low-frequency range because of cavity 
clearances. Of course if the low frequencies are not applied to 
the loud speaker in their correct relative proportion, it is quite 


possible that greater amounts of power may be applied to the. 


coils. 
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loud speaker or speakers, in which case the coil may become 
overheated. 

Another advantage of the compliance method of mounting 
the coil upon the diaphragm is that for a given field density the 
efficiency will be higher than in the unit structure. In the 


‘paper by Wente and Thuras, efficiencies of the order of 50 per 


cent are obtainable only by the use of fields as strong as 20,000 
gausses. If such fields were used in the divided structure of 
coil and diaphragm assembly, efficiencies of the order of 75 per cent 
would be obtainable for aluminun: coils and 60 per cent for copper 
These figures are based on a weight factor of 90 per cent. 


In the loud speakers described in my paper, no attempt has 
been made to go the limit in obtaining these high efficiencies. 
With copper-wire coils and field densities of the order of 12,000 
the efficiency for the high-frequency units will be of the order of 
25 to 30 per cent, which is of the same order as the commercial 
efficiencies obtained in loud speakers described by Wente and 
Thuras. 


The field density required to obtain equal efficiency in the 
lower-frequency elements is less than the above because a 
greater mass of conductor may be used in the moving member. 
In the bass unit, for example, the field strength is about 5000 
gausses, and the coil which drives the diaphragm has a mass of 
nearly 16 lb. | 


Certain Topics in Telegraph Transmission Theory 
BY H. NYQUIST: 
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Synopsis.—The most obvious method for determining the distor- 
tion of telegraph signals is to calculate the transients of the telegraph 
system. This method has been treated by various writers, and solu- 
tions are available for telegraph lines with simple terminal conditions. 
It is well known that the extension of the same methods to more 
complicated terminal conditions, which represent the usual terminal 
apparatus, leads to great difficulties. 

The present paper attacks the same problem from the alternative 
standpoint of the steady-state characteristics of the system. This 
method has the advantage over the method of transients that the 
complication of the circuit which results from the use of terminal 


SCOPE 


HE purpose of this paper is to set forth the results 
of theoretical studies of telegraph systems which 
have been made from time to time. These results 

are naturally disconnected and in order to make a 
connected story it has been necessary to include a 
certain amount of material which is already well known 
to telegraph engineers. The following topics are 
discussed: 

1. The required frequency band is directly propor- 
tional to the signaling speed. 

2. А repeated telegraph signal (of any length) may 
be considered as being made up of sinusoidal com- 
ponents. When the amplitude and phase, or real 
and imaginary parts, of these components are plotted 
as ordinates with their frequencies as abscissas, and 
when the frequency axis is divided into parts each being 
a frequency band of width numerically equal to the 
speed of signaling, it is found that the information 
conveyed in any band is substantially identical with 
that conveyed in any other; and the bands may be 
said to be mutually redundant. 

3. The minimum band width required for unam- 
biguous interpretation is substantially equal, num- 
erically, to the speed of signaling and is substantially 
independent of the number of current values employed. 

4. А criterion of perfect transmission is selected; 


and a discussion is given of the characteristics which the - 


received wave must have to be non-distorting with the 
requirement that the frequency range should not be 
greater than necessary. 


5. Directions are sketched for specifying systems to 
meet this requirement. 


.6. Several alternative criteria of distortionless 
transmission are considered and a method for computing 
the corresponding transmission characteristics of the 
circuit is explained and illustrated. 

7. An analysis is given of the carrier wave, and it 
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apparatus does not complicate the calculations materially. This 
method of treatment necessitates expressing the criteria of distortion- 
less transmission in terms of the steady-state characteristics. 
Accordingly, a considerable portion of the paper describes .and 
illustrates a method for making this translation. 

A discussion is given of the minimum frequency range required for 
transmission at a given speed of signaling. In the case of carrier 
telegraphy, this discussion includes a comparison of single-sideband 
and double-sideband transmission. A number of incidental topics 


ts also discussed. 
| * * * * * 


is shown that the usual carrier telegraph requires twice 
as much frequency range as the corresponding d-c. 
telegraph, other things being equal. 

8. A discussion is given of two alternative methods 
for overcoming this inefficiency of carrier telegraphy, 
namely, the use of phase discrimination and of a single 
sideband. 

9. After the d-c. апа carrier waves have thus been 
analyzed a corresponding analysis is given of an 
arbitrary wave shape, including these two as special 
eases. Calculations are given on the shaping of the 
transmitted wave so as to make the received wave 
perfect. 

10. A discussion is given of the dual aspect of the 
telegraph wave. The wave may be looked on either 
as a function of w, requiring the so-called steady-state 
method of treatment, or as a function of ¢ requiring 
the so-called method of transients. It is shown that 
the steady-state theory can be made to yield the in- 
formation necessary to specify the characteristics of an 
ideal system. 

11. A discussion is given of the effect of interference 
and departures from ideal conditions. 

The economy in frequency range, indicated under 2 
and 3, should be considered as a theoretical limit which 
cannot be attained in practise but which can be ap- 
proached, the closeness of approach depending on the 
degree with which the requisite conditions are fulfilled. 
In practise, it is essential to limit the cost of terminal 
apparatus and this, in turn, may lead to imperfect 
utilization of the frequency range. 

In certain portions of the paper the discussion is 
limited to ideal telegraph systems and it is the character- 
istics of such systems which are referred to above 
(4, 5, and 6). These ideal systems have certain ideal 
transmission characteristics; while the reader is given 
sufficient information to specify suitable equilizers to 
produce an ideal system, there is no information given 
as to how to proceed to build equalizers to meet the 
requirements. It is not within the scope of the paper 
to enter into the practical questions of cost and detailed 
construction of signal shaping devices. While these 
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subjects are of great importance, it is thought best to 
confine the paper to theory. Lest the reader should 
think this lack of equalizer theory a fatal weakness in 
the whole theory presented, attention is called to the 
discussion of generalized wave shape; where directions 
are given for approaching the ideal case as closely as 
desired, by shaping the sent wave to take care of any 
residual imperfections in the transmission character- 
istic. Finally, under the discussion of interference, 
mention is made of the effect of departures from the 
ideal in the matter of signaling speed, transmission 
characteristic, etc. 


SYMBOLS 

A (t) Indicial admittance. 

А,, А The coefficient of the nth cosine term 
in a Fourier series. 

Ar Q Magnitude factor of the hth signal 
element. 

a General quantity in formulas. 

В,, В The coefficient of the nth sine term in a 
Fourier series. 

b,, b Magnitude of the hth step of a rectangu- 


lar stepped signal element. 
b General quantity in formulas. 


b, bo, b, 6, Susceptance (coefficient of imaginary 
part of transfer admittance). 

С, Real part of discrimination factor. 

CC". Defir.ed in Appendix IV. 

Y Numerical factor near unity. 

6 An arbitrary increment of frequency. 

E (t) Wave (usually voltage wave) as a func- 
tion of t. 

е Base of natural logarithm. 

F (w), F Shape factor. 


F’ (w), F” (w) Defined in Appendix IV. 


Fo Fa Specific shape factors. 

f (à) Wave form. 

J, go, 91, 92 Conductance (real part of transfer 
admittance). | 

g (t) Envelope of a carrier wave. 

h Any positive integer, indicates order of 
signal element. 

"T sin w/4s | 

Н (o) An abbreviation for m Y(o)e-'? 

0 Phase angle of carrier wave. 

I (,I Wave as a function of t. 

I, Wave due to hth signal element. 

a Unit of imaginary quantity, ? = — 1. 

k An integer or zero. 

^ Variable under integration sign. 

m An integer or zero. 

N Number of signal elements in one 
repetition of a signal. 

n Any integer or zero, indicates order of 
sinusoidal component. 

p 2 т times frequency of repetition of a 
signal. 
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q An integer or zero. 

R A constant. 

T A subscript referring to receiving end. 

Sa 5 The coefficient of the imaginary part of 
the discrimination factor. 

i asi a Defined in Appendix IV. 

S Speed of signaling. 

s A subscript referring to sending end. 

T Duration of one signal repetition. 

t, t’ Time. 


An arbitrary interval of time. 


» 
Y (o), Y, Y, Transfer admittance. 


Y,and Y, Components of Y. 

Y The conjugate of Y. 

ф Phase shift of a given circuit. 

w When positive, equals + 2 т times the 
frequency; when negative equals 
— 2 T times the frequency. 

We 2 т times carrier frequency. 


PRELIMINARY DISCUSSION 


: A simple telegraph system is obtained by connecting 
a telegraph key and battery in series with a line at one 
end, the other end of the line being connected to a 
sounder, both ends of the system being grounded. 
Signals are transmitted by opening and closing the key, 
which causes corresponding movements of the sounder 
at the receiving end if the system is properly designed 
and adjusted. Suppose it is desired to transmit the 
Morse letter a over the system. This may be done 
by closing the key during one unit of time, opening it for 
one unit of time, closing it for three units of time and 
finally opening it for a sufficient period to assure the 
receiving operator that the signal is completed. This 
simple telegraph system illustrates two characteristics 
of telegraph communication as the term is here used 
which will serve, for the purposes of the present paper, 
to distinguish telegraphy from other forms of electrical 
communication. These characteristics are: 

1. The time is divided into approximately equal 
units which will be called time units. 

2. There is a finite number of conditions, and each 
time unit is characterized by a single one of these 
conditions. 

In the simple illustration given, where the first time 
unit is characterized by closing, the result is the “dot” of 
the letter a. The second time unit is characterized by 
opening the key. Thus, the total number of conditions 
is two, open and close. This is in sharp distinction to 
the case of telephony where there are neither simple 
numerical relations between the various time intervals, 
nor a finite number of possible current values. 

In this simple illustration the rate with which 
the new condition establishes itself throughout 
the system is not generally the same on opening 
and closing. This is because there is a change 
in the terminal impedance as well as in the voltage 
applied. The system would be simpler, math- 
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ematically, if the keys were arranged to substitute 
for the battery an impedance equal to that of the 
battery. It will be assumed in this paper that the 
impedance is not altered when one condition is sub- 
stituted for another. This is substantially true for 
polar telegraphy but not for single-line telegraphy. 

In the system under discussion there are two condi- 
tions, battery and no battery. In the usual forms of 
polar telegraphy, there are also two conditions, corre- 
sponding to positive and negative battery potentials 
impressed at the sending end. In well-known forms 
of submarine telegraphy there are three conditions 
corresponding to positive battery, negative battery, and 
ground or zero voltage. Throughout the paper, unless 
otherwise stated, the discussion will apply to any 
number of conditions and will, therefore, include the 
cases enumerated as special cases. 

Due to the distorting effect of the telegraph circuit 
the part of the total signaling wave which is originally 
associated with a given time unit does not remain 
confined to one time unit throughout. There is over- 
lapping between the wave portions originating in 
successive time units. It is, of course, important to 
follow the history of a given contribution to the signal 
wave regardless of whether it is prolonged to occupy 
more time than it did originally. To this end the term 
signal element is introduced and is defined as the 
contribution to the signal ascribed to a given time 
unit. Whereas a time unit is of a definite duration 
uniquely determined by the speed of signaling, the 
signal element ascribed to a specific time unit may, by 
the use of signal shaping, be made to extend into 
adjacent time units. 

The concept which has been discussed under the term 
“conditions” is an important one and it is desirable to 
formulate it more precisely. It will be assumed, when 
not otherwise stated, that the shapes of the successive 
signal elements are the same, so that they differ only by 
a factor which may differ from element to element. For 
illustration: in the case of the submarine cable system 
the wave shape of the impressed voltage is the same in 
all three conditions, being rectangular, and there are 
three proportionality factors + a, 0, and — а. In the 
general case any signal element may be expressed 
by the product | 

аһ f (t) 
where a, is a real factor which may vary from one 
signal element to another and where f (t) is a function 
oftime. The origin of tis, of course, a fixed instant with 
respect to the signal element. The function f (t) will 
be called the wave form. It is determined by the wave 
form at the sending end, and by the transmission 
characteristics of the system between the sending end 
and the point under consideration. It is not affected 
by the partieular signal or form of intelligence being 
transmitted over the system. The factor a, will be 
called the magnitude factor. It differs from one signal 
element to another but is the same in all parts of the 
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system and, in fact, in all systems transmitting the 
same signals. 

Speed of signaling, s, is usually specified [n dots per 
second and is defined as the number of signal eiements 
per second divided by two. 

D-c. telegraph is characterized by a rectangular 
signal element; the voltage is held constant during the 
whole time unit. 

A telegraph circuit may be considered as a network 
upon which a signaling wave is impressed at one point, 
called the sending end, and from which a signaling 
wave is derived at another point, called the receiving 
end. In the illustrations given, the sent waves were 
voltage waves. This is not necessarily the case in 
order for the discussion to apply. The sent wave 
may be a current wave, or it need not even be electrical. 
By providing suitable coupling the sent wave may be 
mechanical or, say, in the form of variations in a light 
beam. Allthatis required is that the system should be 
linear, including the coupling between mechanical and 
electrical circuit elements. Similarly with the receiving 
end it is permissible to consider either the voltage across 
the receiving device, the current through it, or the 
motion of the receiving device to be the received wave; 
provided the device is linear. An important exclusion 
is the ordinary telegraph relay which is equipped with 
stops and which, therefore, is a non-linear device. 
The siphon recorder on the other hand is probably 
substantially linear. The theory of mechanical im- 
pedances and of coupling between mechanical and 
electrical impedance elements will not be dealt with in 
this paper. 


PROPORTIONALITY BETWEEN SPEED. OF SIGNALING AND 
TRANSMITTED FREQUENCY BAND 


It will aid the discussion to assume that the signal 
considered is repeated indefinitely at equal intervals. 
While this is convenient, it constitutes no real limitation 
on the generality of the analysis, because the intervals 
of repetition may be made as large as desirable. There 
is nothing to prevent us from making the interval 
very great, say, an hour or a year. 

Take first the case of any arbitrary signal made up 
of any number of elements and any finite number of 
different magnitude factors (current values) and re- 
peated an indefinitely great number of times. Such 
a periodic wave can be resolved into direct current and 
a series of sinusoidal components. The lowest fre- 
quency component has a period equal to the period 
of repetition of the signal. The next component is of 
double the frequency or one-half the period of the first. 
The third component is of triple frequency or one-third 
period, and so forth. Certain components may, of 
course, be of zero amplitude, 7. е., entirely lacking. 
While there always is a definite lowest frequency 
component, there is generally no highest component; 
in other words, the total number of components 15 
usually infinite. 
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The transmission medium may alter the magnitude 
and phase of the sinusoidal components. Some of them 
may be substantially completely suppressed. Further, 
the medium may introduce components either because 
it is non-linear or because interfering waves exist. 
The net result is a deformation of the original wave. 

Now consider another signal which is just like the 
one discussed except for the distinction that the signal 
elements of the sent wave are of half the duration, that 
is to say, everything happens twice as fast and the 
signals are repeated twice as frequently. It will be 
obvious that the analysis into sinusoidal terms corre- 


sponds, term for term, with the case just considered, the | 


difference being that corresponding terms are of exactly 
twice the frequency. Now if the second telegraph 
system transmits currents up to twice the frequency 
of the first and if, further, the transmitted currents 
are treated the same in respect to attenuation, phase 
shift, interference, and other modifying factors as the 
corresponding currents in the first system (7. e., currents 
of half the frequency), then the received wave in the 
second case will be the exact counterpart of the wave 
in the first case; that is, its deformation will be the same. 
Generalizing, it may be concluded that for any given 
deformation of the received signal the transmitted 
frequency range must be increased in direct proportion 
to the signaling speed, and the effect of the system at 
any corresponding frequencies must be the same. The 
conclusion is that the frequency band is directly pro- 
portional to the speed. 

It is apparent on examination of existing telegraph 
systems that the factor relating band width and line 
speed does, in fact, vary from system to system. The 
reason for this is that different systems utilize the 
available range with different effectiveness. In the 
first place, the various components suffer different 
attenuation and phase changes from system to system. 
Secondly, interference varies from system to system; 
and there are also secondary imperfections. The 
question then arises: What is the limiting value for this 
factor under ideal condtions? It is one of the purposes 
of the following analysis to answer this question. 


ANALYSIS OF D-c. WAVE 


Initially we shall assume a system which is ideal in 
all respects of interest. Later on we shall indicate how 
these ideal conditions can be approximated and what 
will be the effect of small departures from the ideal 
conditions. 

Let us consider again an arbitrary signal repeated at 
regular intervals. As has been brought out above, such 
a signal has an infinite number of components and can 
be represented by a Fourierseries. Suppose that each 
component is measured at the receiving end, and sup- 
pose that proper allowance is made for the known effect 
of the circuit on each component, it is then possible to 
construct each component as it was impressed on the 
sending end. If all the components were received and 
measured, it would be possible to reconstruct the 
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original wave without deformation. Now for a given 
wave form, (which in this ease is rectangular) the 
magnitude and phase-angle of the individual sinusoidal 
components of the impressed wave are determined by 
the values of the quantities a, of the signal elements, 
and equations can be set for computing each com- 
ponent. Conversely these equations can be solved if a 
sufficient number of them is taken so that the a’s are 
completely determined. Now the number of œs is 
finite, whereas the number of sinusoidal components is 
infinite. It follows from simple equation theory that 
all of the equations cannot be independent; and, in fact, 
since each component (with rare exceptions)? yields 
two constants, it follows that a number of components 
approximately equal to one-half the number of signal 
elements should be sufficient to determine the a’s 
completely, provided the components are chosen to be 
mutually independent. It is concluded that full knowl- 
edge of N/2 sinusoidal components is necessary to 
determine the wave completely. It will be shown 
below that this number is also sufficient. 

The mathematical work of analyzing the wave into 
its sinusoidal components is carried through in Appen- 
dix I. It is there shown that if the magnitude factors 
of N successive signal elements are given the values 
ал, Ge, аз, etc., up to ах, and if the signal is then re- 
peated,? the expression for the applied voltage can be 
written in the following form: 


E (t) = А,/2 + А, cos pt + A; cos 2 pt + etc. 
+ B, sin pt + В, sin 2 рі + ete. 
where р/2 m is the frequency with which the signal 


is repeated and where the A's and B's can be computed 
from the formula 


(A,—2B,) = F (w) (С, —– îi San) 
in which F (w) = Ви» 


C, = (1/N) (a,cosnaw/N +a,cos8ua7/N+.. . 
+ ам cos (2 N — 1) n7/N) 
S, = (1/N) (а. sinn r/N + asingnr/N +... 
+ ax sin (2 N — 1) n T/N) 
s is the speed of signaling, and 
wis 2 т times the frequency of the component. 
F (w) is independent of the values of the a’s and 
depends only on 7 and the wave form within one signal 
element, which in the present case is rectangular. 
Its value is altered if, for instance, curbed signals are 
used. It may, for convenience, be called the shape 
factor. It should be emphasized that F (w) is inde- 
pendent of the intelligence transmitted. С„—5„ 
on the other hand is independent of the type of wave 
employed, but depends only on the particular signal 
which is considered. C, — 7S, is thus determined by 
the particular intelligence being transmitted and, in 


2. Beo and Ам г2 are identically zero. 
3. A convenient but not a necessary restriction. 
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turn, determines that intelligence completely. This 
factor may be called the discrimination factor. An 
examination of the expressions for C, and S, discloses 
the dependence predicted above and will enable us to 
select components which are independent. Both C, 
and S, are made up of periodic terms, namely, cosines 
and sines. If the value of т is increased by the value 
2 N each one of these periodic functions has its argu- 


ment increased by an integral multiple of 2 7 and is, 


therefore, unaltered. Similarly if n is increased by N 
the arguments are increased by an odd multiple of т 
and all the terms are simply changed insign. Further, 
if the expressions for C, and S, are written down for 
the values N — n, and if it is remembered that cos 


(T — X) = — cos x and sin (т — x) = + sin 2, it will 
be found that 
Cy-n = — C,and Sy-n = San 
The results may be written 
| Cui. = — Cs Suas = — Sn 


Сәм. = Ca, and Sonyn = S, 
Successive applications of the last formula give 
CaxsN-&n = Cans and NITE = Ss. 
where k is any integer. 
These relations are illustrated in Fig. 1, in which 


с 


NİZ «c — — 
NEL 
еә 


Fig. 1—DIscrIMINATION Factor or C SIGNAL 


Showing the symmetry and redundancy of successive bands. The 
corresponding points in the various bands are indicated by the same symbol 


the discrimination factor is plotted as a function of n. 
The signal which is illustrated in this figure may be 
referred to as the с signal. It is made of 10 signal 
elements whose successive magnitude factors are 
1, 0, 1, 0, 0, 1, 0, 0, 0,0. An inspection of the figure will 
show the symmetrical relation between points in adja- 
cent bands of width N/2, or 5 in this specific example. 
Suppose that the c signal is sent in T seconds. Then 
the frequency corresponding to the fifth harmonie is 
5/T (generally N/2 T) which is also the speed of 
signaling. 

If C, and S, have been determined throughout any 
one of the bands, their values (and, F (w) being known, 
also the values of A, and B,) are immediately known 
for the whole range from zero to infinity. Each such 
band contains all the information about the signal that 
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the totality of bands from zero to infinity contains. 
One such band (or its equivalent) is necessary and 
sufficient to determine the original signal. It will be 
understood that information about F (w) is not intelli- 
gence in the sense here considered. It is not necessary 
that the receiving end should have any information 
about F (w) at the sending end and consequently, no 
frequency range or line time need be set aside for 
transmitting such information. The frequency range 
whieh must be transmitted to specify one band is 
numerically equal to the speed of signaling. 

A special case occurs if the transmitted band is 
chosen such that the shape factor is zero at some point 
within it. Then A, and B, corresponding to this 
term, will be zero and the values of C, and S, are 
indeterminate. The mathematical treatment of this 
ease would be long and difficult and it is, moreover, 
thought that these cases are of little practical interest. 
For these reasons no further discussion will be given to 
them. 


DISTORTIONLESS TRANSMISSION 


It is obvious that with afinite transmitted fre- 
quency range and with a rectangular sent wave, 
there will be deformation of the wave form. It 
is, however, possible to have a deformed wave 
and have a receiving device such that a perfect 
signal is received. Suppose, for instance, that the 
receiving device records the value of the wave at the 
mid-instant of the time unit corresponding to each 
signal element. Then all that matters is the value 
of the wave at that instant; it does not matter how 
much it is deformed in intervening intervals. For 
convenience the term non-distorting wave, will be 
introduced and will be defined as a wave which produces 
perfect signals. A non-distorting wave may or may 
not be deformed. The criterion for a non-distorting 
wave will vary with the manner of receiving the signal. 
In this paper, when not otherwise stated, the illustration 
just indicated will be taken as the criterion, 2. e., a wave 
will be said to be non-distorting when the value at the 
mid-instant of any time unit is proportional to the 
magnitude factor for the corresponding element. In 
Appendix II-A, the shape factor for this kind of wave 
is computed. When the transmission characteristic 
of the system is such that the received wave has this 
shape factor, the received wave is non-distorting re- 
gardless of the number of distinct magnitude factors 
employed. It will be understood that this criterion is 
illustrative only. Later, alternative criteria will be 
illustrated and discussed sufficiently to enable the 
reader to construct his own criterion proper for the 
system in which he is interested. 

Before proceeding to determine the characteristics of 
the telegraph system which insure the ideal shape factor 
just discussed it is worth while to broaden the subject 
somewhat by considering what other shape factors are 
capable of producing the same results. Appendix П-А 
gives the deduction of more general shape factors which 
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meet the requirements of being ideal. In Fig. 2, a is 
a diagram of the shape factor deduced as ideal, above. 
It is shown in Appendix II-A that shape factors sym- 
metrical about 2 т s, after the manner illustrated at b 
in Fig. 2, do not contribute anything to the current 
value at the middle of the signal elements. Hence it is 
deduced that shape factors such as shown at c are 
also ideal in the same sense. "There are obviously an 
infinite number of these shape factors. In addition, 
there are an infinite number of purely imaginary shape 
factors having the type of symmetry about 2 7 s 
which do not contribute to the value of the wave at the 
middle of the signal element. Each one of this infinity 
of imaginary shape factors may, of course, be combined 
with any one of the infinity of real shape factors spoken 
of above. 

In order to visualize better the theoretical results 
obtained so far, these results will be stated in terms of 
the design of a telegraph circuit. What must be the 
characteristics of a telegraph circuit in order that the 
applieation of the rectangular voltage wave whose 
shape factor is F, shall result in the non-distorting 
received wave just discussed, whose shape factor may be 


Fic. 2—IpEAL SHAPE Factors 


Here the criterion for distortionless transmission is that the height of the 
middle of each signal element should be undistorted 

a &nd c represent real shape factors which produce & non-distorting 
wave,—b and d shape factors which may be added without producing 
distortion, the former representing a real and the latter an imaginary value 


taken as F,? One answer is that the transfer admit- 
tance‘ of the circuit Y should be made such that 
F, = YF, It will be understood that the quantities 
Y and F, may be complex. If the condition just stated 
were met, transmission would be instantaneous. This 
imposes an unnecessary restriction on the transfer 
admittance Y. The signal will still be distortionless if 
all the components suffer a constant lag 7. If all the 
components are given a phase lag, which, when speci- 
fied in angular measure, is directly proportional to the 
frequency, the received wave is not changed in shape 


4. The term admittance and the notation Y is used to denote 
the ratio of the numerical value of two waves regardless of their 
nature. This is a convenient generalization of the customary 
usage, where this terminology is confined to the case where the 
numerator of the ratio is a current, and the denominator a 
voltage. 
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but merely displaced in time and this is, of course, 
permissible. This leads to the following expression: 


F, | а 
Y = -p (cos o 7 — t sin w 7) 


for the transfer admittance where т is the delay. Once 
the desired value of Y has been found by this method, 
the problem is reduced to measuring the phase and 
attenuation characteristics of the circuit and designing 
suitable attenuation and phase correctors to make the 
total transfer admittance equal to Y. The actual . 
design of attenuation and phase correctors does not 
come within the scope of the present paper. 

Appendix II-B has been added for the purpose of 
making a concrete application. It may be omitted 
without loss of continuity in the theory. 

The criterion of perfect transmission in what precedes 
has been that the current value at the midpoint of the 
time unit should bear a constant ratio to the 
impressed voltage. It will be noted that this is con- 
siderably different from the case of ordinary two-con- 
dition telegraphy, where the criterion for perfect 
transmission is that the interval between the instants 
when the current passes through the mean value (ог > 
some other specific value) shall be the same as the 
corresponding interval at the transmitting end. The 
principal reason why this criterion has not been used 
above, is that the corresponding method of reception 
is not so readily available in the genera] case where more 
than two conditions are used. However, it is of con- 
siderable practical importance and for this reason, 
computations are given, (Appendix III), of the shape 
factor for a wave which has the property in question, 
1. €., 0f giving a non-distorting wave in ordinary land-line 
telegraphy. While the mathematics in Appendix III 
is carried out for an arbitrary number of magnitude 
factors, it is suggested that it will simplify the reader's 
picture to think of two magnitude factors only. Then 
the discussion applies to ordinary land-line telegraphy. 
It is there found that a shape factor for the received 
wave which satisfies this condition is 


F, = 2 соѕ w/4 з, when O < о «Zms 
F, = 0, when2as <w 
For d-c. telegraphy (rectangular sent wave) this corre- 


sponds to a transmission characteristic given by the 
equation 


F, | . . 
=F (cos w 7' — t sin w T’) 
8 


Q а) | 
= —— cot —— (cos o T'— isin w 7’ 
4s 4s ( )s 


when0 «o <278 
and Y = 0, when w? 2 тз 


This particular shape factor has the disadvantage 
that the amplitude is a function of the signal combina- 
tion; in particular, a long continuation of reversals 
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finally approaches zero in amplitude. To overcome 
this, it is possible to add shape factors which are sym- 
metrical about the signaling frequency, such as are 
shown in Fig. 3, and diseussed more fully in Appendix 
ПІ. | 

By way of further illustrating the method, the shape 
factor is worked out for a received wave having the 
property that the area under the wave for a time 
unit is proportional to the current at the trans- 
mitting end. This case may be of interest in some 
methods of picture transmission where the integrated 
exposure over a small interval of time may be important. 
Other criteria for distortionless transmission suggest 
themselves. For example, the signal may be taken 
distortionless when the area under the wave for the 
center fifth of the time unit is proportional to the sent 
eurrent. Such cases may be of interest in certain types 
of printer reception where the current flowing during 
the center fifth of each element might be the quantity 
which is of interest. As another example, it may be 
that the slope of the received current as well as the 


Fic. 3—IpEAL SHAPE Factors 


In this figure, the criterion of distortionless transmission 1s that the width 
or duration of each signal element at the mean-value point should be 
uddistorted | 

а апа с represent real shape factors which produce a non-distorting 
wave,—b and d shape factors which may be added without producing 
distortion, the former representing an imaginary and the latter a real value 


current value determines the operation of the receiving 


device, in which case some such function asa I + b 11. 
would probably be a suitable quantity іп terms of which 
to define distortionless transmission. It is thought 
that the reader whe is interested in any specific receiv- 
ing device will have no difficulty either in formulating 
a suitable criterion or in computing the corresponding 
shape factor in accordance with the method illustrated. 
In the meantime, the current at the center of the signal 
element will be taken as the criterion. 


ANALYSIS OF CARRIER WAVE 


The analysis for the carrier-current wave, anal- 
ogous to the d-c. wave discussed above, is carried 
out in Appendix IV. There it is shown that 
when no care is taken to relate the speed of signal- 
ing and the carrier frequency there is no longer 
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a simple separation into a shape factor and a discrimi- 
nation factor, such as was observed in the case of d-c. 
telegraphy. The expression for the sinusoidal com- 
ponents is: | | 
A,—1tB, = F’ (w) (С„”—5„') H E” (о) (C," — 282") 

If, however, the carrier frequency is taken as an even 
multiple of the speed of signaling, so that the carrier 
current is proportional to cos (2 т дзі — 0), where q is 
even, it is found that 
C". — i S", 22 e??? (C^ He tS". 2 PALELE: +9) (C. __ i Sa) 
so that 
A, — îi В, 
= [e («72 4-0) F' (о) + ee? +4) F" (w)] (C, — 1 S.) 
which may be written 

A,—tB, = F (w) (С„—%5„) 

where C, and 7 S, have the same values as in the direct- 
current case. | | 

F (о) is, of course, different in the present case and 
depends among other things on the phase of the carrier 
wave at the beginning of the signal element. More 
specifically the value of the shape factor is given by the 


, expressions: 


F (w) = е—*\т1/2 +8) F' (о) Д. eo? T0) F" (w) 
F’ (w) = 4 ssin (о. – w)/4s 

Q.— W 
4 s sin (о, + w)/4s 


Е" (w) = шы 


It is shown in Appendix IV that when the carrier 
frequency is an odd multiple of the speed of signaling, 
(A, — t Ba) takes on a slightly different form. How- ` 
ever, the following discussion applies equally well 
whether q is odd or even. 

Е'(о) represents two bands symmetrical about the 
earrier frequency, each being identical except for sign 
with the band determined for the direct-current cases. 
F" (w) is a non-symmetrical band and interferes with 
the symmetry between the upper and lower sidebands. 
It is shown in Appendix IV that this factor is due to the 
presence of components higher than the carrier fre- 
quency in the modulating wave. Hence, one method of 
suppressing this factor, and keeping the sidebands 
symmetrical, is to remove these components from the 
modulating wave before modulation takes place. A 


: second method of making the shape factor symmetrical 


is to use an equalizing device, which is so designed as to 
multiply each component by the ratio 


F” (о) 
F' (w) + е Е” (в) 


Finally it should be noted that if the band width is 
small in comparison with the carrier frequency, F” (о) 
is small in comparison with F’(w) and, therefore, 
substantial symmetry is obtained without any special 
precautions. 

If the two sidebands are symmetrical, corresponding 
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frequencies equidistant from the carrier frequency 
combine to form a wave whose frequency is equal to the 
carrier frequency and whose envelope is a sine wave 
corresponding to a component in the direct-current 
case. The frequency of the envelope equals the 
difference in frequency between the carrier frequency 
and that of each of the components forming the pair. 
On account of the mutual redundance of the two side- 
bands, the total frequency range required in the sym- 
metrical carrier case (2. e., in the case where the carrier 
frequency is located in the middle of the transmitted 
range) for a given speed of signaling is just twice that 
required in the direct-current case. Except for this, the 
results as to band width required, and ideal shape 
factors for the received wave, are the same as obtained 
above for the direct-current case and it is not necessary 
to repeat them. | 

It is obvious that this type of carrier telegraph 
is relatively inefficient in its utilization of the available 
frequency range, and it becomes of great interest to 


inquire how this condition may be improved. An 


obvious thought is to move the carrier frequency to- 
ward one edge of the available band and to increase 
the speed of signaling in proportion to the interval 
between the carrier frequency and the far edge of the 
transmitted range. If an experiment of this kind is 
undertaken the outcome will be disappointing, unless 
certain stringent requirements, (explained below), are 
met. Far from increasing the speed of signaling, it will 
usually be found that the relocation of the carrier 
frequency decreases it. This is more fully explained 
bleow and in Appendix V. 

Examining the symmetrical, carrier wave more 
closely we find that the redundancy residing in having 
two symmetrical sidebands gives rise to an important 
property of the received wave. Its frequency is 
constant, in the sense that the instants of zero value 
are spaced at constant intervals. This property will be 
found to restore the intelligence carrying capacity of a 
given frequency range to the same point as an equal 
range used in d-c. telegraphy. Let the received signal be 
g (t) sin o t, where the factor sin w t expresses the fact 
that the frequency is constant. Consider a device 
which has two sets of input terminals and whose re- 
sponse is proportional to the product of the two waves 
impressed. Let the wave applied to one set be 
g(t) sin o t, and let the other applied wave be sin o t. 
Then the average response over a cyle is well known 
to be proportional to g(t), ?. e., the envelope. If the 
second applied wave is cos w f, the average response over 
a cycle is zero. There are various devices whose 
response is proportional to the product of two inputs. 
For the purposes of this paper it will be convenient 
to think of a dynamometer with one fixed and one 
movable coil. 

Phase Discrimination. Systems of telegraphy based 
on these principles, which may be called phase dis- 
crimination systems, have been proposed. Two carrier 
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currents are provided, one of which may be represented 
by sin w t and the other by cos wt. Each of these is 
then modulated in accordance with a separate signal, 
and the mixture of the signals is impressed on the line. 
At the receiving end the composite signal wave is 
impressed on each of two dynamometers whose other 
windings are energized by currents of the values 
sin w t£ and cos w t, respectively. Thus one dynamom- 
eter responds to each signal and there is substantially 
no mutual interference. 

It is clear that in this system the total amount of 
intelligence transmitted for a given band width is 
twice as great as for the symmetrical carrier case which 
does not utilize phase diserimination and is, in fact, the 
same as for the direct-current case. 

Single Sideband Transmission. We are now їп: 
position to take up the single sideband case. In. 
Appendix V, it is shown that when the carrier fre- 
quency is removed from the center of the transmitted 
band the received wave may be considered to be made 
up of three component waves. The first of these is an 
in-phase wave and builds up in the same manner as does 
a d-c. wave in a low-pass system having a band width 
equal to the distance from the carrier frequency to the 
far edge of the transmitted band. This is obviously 
the wave which we are trying to obtain; and if it 
existed by itself, the problem would be solved and the 
experiment referred to above would be successful. 
The second wave is also in-phase but builds up at a 
slower rate, namely, that corresponding to the distance 
from the carrier frequency to the nearer edge of the 
transmitting band. Since these components are in 
phase they add algebraically at any given time and it is 
obvious that the time of building up will tend to be 
determined by the slower component. Hence, the 
normal result of moving the carrier from the middle is a 
slowing up rather than the reverse. Besides, there is 
the third component wave. This is a quadrature 
component which is determined in magnitude and rate 
of building by the frequency band, by which the sep- 
eration of the carrier and the far sideband exceeds the 
separation between the carrier and the near edge. 
This component, moreover, does not build up to the 
signal wave, but rather to something approximating the 
first derivative of the signal envelope. It is clear that 
the second and third components must both be elimin- 
ated. In addition, there is an important condition as 
to phase correction. Ordinary filters are subject to 
considerable phase distortion in the vicinity of the 
edges of the transmitted band. It is of importance 
that this phase distortion be corrected by suitable 
means. The problem of single sideband transmission 
may now be separated into three parts. 

1. Phase correction. 

2. Elimination of the quadrature component, being 
the third component discussed. | 

3. Elimination of the sluggish in-phase component, 
being the second component discussed. 
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The first of these problems, the design of phase- 
correcting networks, does not come within the scope of 
the present paper. The second part of the problem, the 
elimination of the quadrature component, is solved by 
the methods of phase-discrimination telegraphy de- 
scribed above. The third part of the problem, the 
elimination of the sluggish in-phase component, is 
solved by moving the carrier so far toward the edge 
that it disappears. The exact requirements to be met 
are set forth in the appendix. 

GENERALIZED WAVE FORM 

Two kinds of impressed wave forms have been 
discussed, the rectangular, used in d-c. telegraphy, 
and the sinusoidal, used in- carrier telegraphy. 
It is of interest to generalize the treatment of 
impressed waves to cover any other wave form 
which may be considered, and to include these two as 
special cases. The restriction will be imposed that the 
successive signal elements are alike, except for a 
constant factor which is given the values, a, a», etc., 
for the various signal elements. There is no need to 
confine the elements to a single time unit. It may 
overlap into neighboring time units. To facilitate 
visualizing the wave, Fig. 4 is drawn, which indicates 
how an impressed wave may overlap both antecedent 


F(t) 


Fig. 4—SPECIMEN OF GENERAL WAVE FORM 


and subsequent elements. Mathematically it may be 
expressed by saying that the contribution made by the 
hth signal element to the impressed wave is given by the 


expression 


I, = anf (t) 
where f (t) is an arbitrary function of the time t, whose 
origin is conventionally taken at the center of the signal 
element in question. It will be remembered that a, is 
called the magnitude factor and f (t) the wave form. 
Incidentally, the assumption that the wave form is the 
same from element to element, excludes the carrier 
waves where the carrier frequency is not an even 
multiple of the speed of signaling. We may, therefore, 
expect to avoid some of the complications which arose 
in the analysis of those waves. The total wave at any 
given time is, of course, the algebraic sum of all the 
components existing at that time. 
І = 1, + HL + I; +, etc. 

The Fourier analysis is given in Appendix VI. 
It is there shown that the sinusoidal components are 
given by the expression 

A-—-tB=F:(C—-1S) 
In other words, there is still the simple separation into 
two factors, the shape factor and the discrimination 
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factor. The latter is identical with that obtained in 
the previous cases. The shape factor is determined 
from the known value of f (é) by the expression 

+ 0 


F (w) -4e f лоста 


Now it will be recalled that the shape factor of the 
received wave is given by the expression 


and in our previous work, we have evaluated Y, the 
transmission characteristic of the circuit, so as to 
obtain a desired value of F, for a given F,. In other 
words, a desired received current is obtained with a 
given sent wave by means of circuit design. The 
present results suggest that the desired F, can be 
partly obtained by modifying F, as well; in other words, 
the desired received current can be obtained in part by 
circuit design and in part by signal shaping at the 
transmitting end. 

While signal shaping and equalizing are equivalent 
it does not follow: that they are equally practicable. 
It may be said that under usual conditions the use of 
networks is the simpler when only moderate accuracy is 
required; whereas, the use of signal shaping provides 
the greater accuracy but is complicated. 

There is an infinite number of sent waves which 
result in non-distorting received waves. Thus it is, 
for instance, permissible to use a sent signal element 
consisting of a suecession of rectangular waves such as 
shown in Fig. 9; provided the intervals between changes 


are not made too great. The calculations for this case . 


are given in Appendix VII. 

In the introductory part of the paper mention was 
made of the fact that the design of equalizers would not 
be covered. It was also stated that a method of signal 
shaping would be discussed, which would make up for 
the resulting incompleteness of the theory. The 
discussion of the present section, together with Appen- 
dix VII, in the matter there referred to. 


DUAL ASPECT OF SIGNALING WAVE 


It will be apparent from what has preceded that there 
are two distinet methods of specifying the wave. 
One method is based on the time { as the independ- 
ent variable. This aspect, which may be referred 
to as progressive, contemplates the signaling wave 
as a succession of signal elements following one 
another at constant intervals of time from the 
first to the Nth. The other aspect which may be 


-= ealled the cyclical aspect, is based on w as the inde- 


pendent variable. This contemplates the signaling 
wave as the sum of direct current and a succession of 
sinusoidal components beginning with the funda- 
mental and including harmonics at least up to the 
N/2th. In the cyclical aspect, it is necessary to know 


only the magnitude and phase of the successive com- 


ponents. It does not matter in specifying the signal 
what time it took to transmit the signal. It may be of 
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some economic interest to know how rapidly the signal 
is transmitted, but from a technical standpoint, ¢ is 
very much in the background. Analogously, with the 
progressive aspect of the wave the frequency is very 
much in the background. It is not required to specify 
the wave, but is of economic interest, in the sense that 
it is of interest to know the frequency range required 


for transmission. 
An enumeration will now be made of analogous 


processes and quantities under the two aspects. The 
signal element is the unit out of which the signal is made 
up when considered as a progressive wave; when 
considered as a cyclical wave the corresponding ele- 
mentary unit is the sinusoidal component. The signal 
element has been denoted by I, and the whole wave by 
I = Ў І,: The sinusoidal component is specified by А, 
and B, and the whole wave by I = È (A, cos npt 
+B, sin npt). The intelligence transmitted is specified 
in the cyclical aspect ру the discrimination factor, 
С. — 1 Sn; in the progressive aspect this office is taken 
by the magnitude factor аһ. 

The wave form f (t) specifies the shape, or form, of the 
signal element and includes the degree of deformation. 
The analog in the cyclical ease is the shape factor 
F (w). The alteration in the wave, which is caused 
by the circuit or any circuit part, is specified in the 
cyclical aspect by the phase and magnitude changes; 
and to be definite, it may be taken as the íransfer 
admittance, Y (w), which is a function of w, and which 
may be defined as the wave (specified as to magnitude 
and phase) resulting at the driven point due to im- 
pressing a unit sinusoidal wave at the driving point. 
The analog in the progressive case is the indicial 
admittance, A (t), which may be defined to be the wave 
as a function of t, resulting at the driven point from 
suddenly impressing a unit wave (constant) at the 
driving point. 

In order to change from one method of consideration 
to the other, it is desirable to have available equations 
for changing from the set of quantities suitable for one 
method to the set suitable for the other. These equa- 
tions fall into three groups. The first relates the wave 
form and the shape factor, the quantities which define 
the type of wave used. The second relates the discrimi- 
nation factor and the magnitude factor, the quantities 
which define the particular signal. The third relates 
the transfer admittance and the indicial admittance, 
the quantities which define the effect of the circuit on 
the signaling wave. | 

The equations are: 


+ о 
F (о) -4s Í so erm і 
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һ =1 
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A > (C, — 4 Sq) eir» (h -1/2)/N 
п=— № /2 
+ co 
Y (о) = – f we iw A (Ddt 
+ © 
1 f cot 
AQ - 20 +-= | ое 
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Negative values of the argument w do not require 
the conception of negative frequencies. The frequency 
may be thought of as signless and as represented by 
positive and negative values of w or both. 

With either set of quantities, given, or found by the 
equations, it is possible to make corresponding compu- 
tations in the two systems. For instance, when the 
shape factor of the sent wave and the transfer admit- 
tance are known, the shape factor of the received wave 
can be computed from the expression 

F, (w) = F, (w) Y (o) 
Analogously, if the sent wave form and the indicial 
admittance are known, the received-wave form can be 
computed from the expression 


+ œ 


7. = fr awn- ddd 


— СО 


or others which are equivalent. Further, if the trans- 
mission characteristics of two circuits connected in 
tandem are known, their combined characteristic can 
be computed from 


Y (w) = R Y, (w) Ys (o) 
in the one system, and from 


+œ 
Ai(A) As (t— №ал 


-— со 


or an equivalent. is a constant in these formulas. 
It is not the purpose of the present paper to go into 
circuit relations to any greater extent than is necessary 
to bring out, clearly, the parallelism and respective 
self-sufficiency of the two systems. For a fuller exposi- 
tion of the relations between the various functions of w, 
the reader is referred to K. S. Johnson's book, *"Trans- 
mission Circuits for Telephonie Communieation" and 
for a fuller treatment of the functions of ¢ to J. R. 
Carson’s book, “Electric Circuit Theory and the Opera- 
tional Calculus.” 
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The formulas shown in the last paragraph indicate 
that the fundamental parallelism between the two kinds 
of functions extends to calculations of the received 
wave. There is a difference, which is not of great 
significance from the standpoint of pure theory, but 
which is important from the standpoint of practical 
computation. It is seen that in the case of functions of 
w the operations consist of the multiplication of two 
characteristics. In fact, by expressing the character- 
istic in terms of a logarithmic function of Y in the 
usual manner, it is possible to reduce these operations to 
additions. In the case of the functions of ¢ the compu- 
tations are much more complex involving differentia- 
tion, the multiplication of two functions, and the 
the evaluation of an integral. The processes of differen- 
tiation and integration, are, in general, essentially 
graphical operations which cannot be carried out with 
the same precision as processes which are essentially 
arithmetical. It is, therefore, as a practical matter, 
greatly advantageous to arrange the calculations so 
they can be carried out with functions of c. 

The important fact is that for telegraph purposes the 
two methods are substantially equivalent in result, 
though different in processes and labor involved. The 
fundamental reason for this difference is that, on the 
theory as developed in the paper, it is not necessary to 
compute the received wave as a function of t.5 

The method of analysis used in this paper is that 
of the Fourier series. It should be mentioned at this 


` point that there is an alternative method, known as that 


of the Fourier integral. The Fourier integral can be 
made to yield essentially the same mathematical 
formulas as have been obtained in this paper. Also, 
if care is taken, 1t is possible to obtain essentially the 
interpretations here given. Appendix IX sets forth 
the relation between the series and the integral, 
and points out the problems where special care is 
needed in applying the integral. 


INTERFERENCE 


So far it has been assumed that the circuit is 
free from external interference. In any actual 
case there is always some interference present, 
and it is necessary to take it into account. The effect 
of the interfering wave is to superpose itself on the 
singaling wave and give the resultant received wave a 
different value, which otherwise it would not have. If 
the interference is great enough, the received wave will 
be interpreted as different from that intended. If the 
interference is non-predictable, (as likely to be positive, 
as negative), its arithmetical value must be less than 
one-half the difference between any two current values 
employed in signaling. In fact, the number of distinct 
magnitude factors, hence, the amount of intelligence 
that can be transmitted over a circuit, are definitely 


5. Submarine Cable Telegraphy, J. W. Milnor, A. I. E. E. 
TRANSACTIONS, Vol. 41, p. 20; in partieular the suggestion made 
in the elosing paragraph on p. 38. 
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limited by the interference. It is, therefore, important 
to consider the nature of the interference and to 
determine to what extent, if at all, it may be overcome. 

Interference may be of many kinds and sources, 
including such telegraph. currents as cross-fire and 
duplex unbalance. We shall go a step further and 
consider as interference such portions of the telegraph 
wave as result from departure from the ideal of the 
telegraph current. Thus the difference between the 
actual wave and the desired ideal wave is interference. 
It is realized that this convention is not in agreement 
with common usage but, for the purposes of this paper, 
it is justified by the simplification which results. 
In order to distinguish this interference from other 
forms it may be called the characteristic interference. 
The term intersymbol interference has also been used for 
this effect. It is closely related to characteristic 
distortion.* 

Interference may usually be reduced by suitable 
means: Duplex unbalance currents may be reduced by 
improving the balance; characteristic interference may 
be reduced by improving the transmission characteris- 
tie; and interference from other circuits reduced by 
decreasing the coupling. But when everything prac- 
ticable has been done to reduce the interference, there 
is, in general, a residual left which produces distortion 
in the signals. The total amount of interference sets a 
limit to the number of distinct magnitude factors 
which may be employed and, therefore, to the rate with 
which intelligence may be transmitted over the circuit. 
The interference which can be tolerated depends on the 
amount of energy in the signaling current. This is 
again limited by the power-carrying capacity of the 
line, either because certain apparatus overloads or 
because interference into other circuits becomes too 
great. 

It is of considerable interest to determine the spectral 
distribution of power in the signal which is most 
suitable for overriding a given interference. The 
assumption will be made that the maximum power is 
definitely limited. It is shown in Appendix VIII that 
when the shape factor is a constant from zero to the 
frequency s and zero for other frequencies, the mean 
total power is proportional to 


N 
134 
hel 
and it follows that for this case all signals which are 
made up of the extreme values of the magnitude factors, 
(it is assumed that the positive and negative values are 
numerically equal), load up the system to the same 
extent. If some other shape factor were used it would, 
in general, result in the maximum power only for the 
most favored signal combination; for others, the power 
would be less. It is concluded that for the purpose of 


6. Measurement of Telegraph Distortion, Nyquist, Shanck 
and Cory, A. I. E. E. JL., Vol. 46, p. 231, 1927. 
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overriding interference, when the power carrying 
capacity of the line is the limiting factor, the shape 
factor just considered is the most suitable at the point 
where the interference is introduced. 

In discussing the interference above, it has been 
assumed that the circuit is linear. If some of the circuit 
elements are non-linear, the result may be looked on as 
interfering currents generated in the elements. This 
interference is predictable and it is theoretically pos- 
sible to eliminate or reduce it by introducing elements 
which produce a compensating distortion. 

The assumptions have been made that the signal 
elements are all of equal duration and that the system 
is designed especially to handle signal elements of 
that specific duration. In other words, the system is 
designed for a given speed of signaling in preference to 
other speeds, both slower and faster. It is of obvious 
interest to inquire what the effect is when the speed is 
somewhat different from that for which the system has 
been designed, the signal elements being of equal 
length. | | 

Suppose a system is designed to be distortionless at a 
speed of signaling s, and suppose that it is used to 
transmit signals of the speed y s, where y is a factor 
which does not differ greatly from unity. Let the 
system be such that the admittance is given by 

Y (w) (cos от — isin от) 
An admittance which would give distortionless trans- 
mission at the speed of ys is then given by the 
expression 
Y (w/y) (cos o T — isin o т) 
The difference between the actual admittance given by 
the first expression and the ideal admittance given by 
the second expression represents an admittance giving 
rise to interfering currents. Neglecting the constant 
delay, this admittance is given by the expression 
Y (w) — Y (v/v) 
and the current corresponding to this admittance is the 
portion of the characteristic interference which arises 
from the alteration in speed. 


Formulas for the interfering wave may be deduced 
from this expression, but it will be sufficient for our 
purposes to note the ratio of the interfering wave to the 
signaling wave at a specifie frequency. This ratio is 
given by the expression 


Y (w)— Y (w/y) 
Y (o) 


or approximately 


(w— ү) dY 
Y (w) d w 


It will be seen that for a small discrepancy between 
the ideal speed and the actual speed the amount of 
distortion is largely determined by the slope of the 
transfer admittance curve. The more abruptly the 
transfer admittance changes, the greater will be the 
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interference accompanying a small change in signaling 
speed. | 

It has been assumed that the change of speed is 
uniform, 7. e., that all signal elements are lengthened or 
shortened in the same proportion. It is of considerable 
practical interest to inquire what happens when there is 
no such regularity in the change of speed, in other 
words, when some signal elements are shortened and 
some are lengthened and when the various elements are 
not changed in the same proportion. Consider first a 
signal consisting of a single element of finite current 
value, the current values of the remaining signal 
elements being zero. It is clear that it makes no 
difference where the ends of the signal elements are 
taken when the current value is zero, and consequently 
this particular signal may be considered to come under 
the case already discussed. In other words, the inter- 
ference due to any one element is as discussed above. 
Further, the total interfering current at any instant is 
the sum of the interference caused by all the elements. 
It follows that to a first approximation, the interference 
is the same as that deduced above for the regular 
lengthening or shortening. 

It has been indicated that if interference from foreign 
sources 1s kept low, the transfer admittance made to 
comply with certain requirements and the speed of 
signaling kept constant, it is possible to transmit signals 
with very little distortion, utilizing a frequency range 
which is only slightly greater than the speed of signaling. 
One advantage of keeping the distortion small is that а: 
large number of current values may be employed, thus 
increasing the intelligence-carrying capacity of the line. 
As explained above, the total interfering current should 
be less than one-half the difference between adjacent 
current values. In actual practise it will probably be 
found desirable to keep considerably within these 
limits, so as to have a definite margin. On the other 
hand, there would be no object in reducing the inter- 
ference beyond the point where the signal is decipher- 
able with certainty and ease. 


Appendix I. 

Analysis of D-C. Wave. It is required to find the 
sinusoidal components of a telegraph wave of T sec. 
duration composed of N rectangular signal elements and 
repeated an indefinitely great number of times. Let 
the value of the wave at any instant be denoted by 
E (t), where 

E (t) = a, for0 < t < T/N, (time unit 1), 

E (t) = asfor T/N «t «2T/N, (time unit 2), 

E (t) = a, for (h—1) T/N < t<hT/N, (timeunith). 

Represented as a Fourier series the wave is 


as + > (A, cos npt + B, sin npt), 


nel 


Е (t) = (1) 


where p/2 7 = 1/T is the frequency of the fundamental 
wave. The problem is to find expressions for the A’s 
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and B’s, so they can be computed from the known | 


values of the a’s. 

Multiply both sides of the equation by cos kpt dt and 
integrate from zero to T. In this expression k is a 
positive integer. 

T T 


f E (t) cos kpt dt = = f cos kpt dt 
0 
T 


0 
+ > Ах f cos kpt cos прі dt 


n=l 


0 
T 


+ > B, f cos kpt sin npt dt, 


n=1 


(2) 
0 

From a well-known trigonometric formula 

cos kpt cos прі = M HE " 

The integration is carried out over an integral number 

of cycles and the result is, therefore, equal to zero with 

the single exception where n = k when the integrand 

has the average value 1/2 and the integral is 7'/2. 

Likewise, 


sin (k + n) pt — sin (k — п) pt 
2 
The integrals of these obviously are also zero. The 


right member of equation (2) reduces, therefore, to the 
single term 


coskptsinm pt = 


А, Т /2. 
The left member of equation (2) may be written 
T/N 2T/N 


a, | cos kpt dt + а, | cos рі dt + ete. 


T/N 
or N AT/N 
| M IE kpt dt . 
het (A-DTIN 


Changing the origin of t to the center of the time unit to 
which each integral refers, ?. e., putting 

t= (h — 1/2 Т/М +? 
and dropping the prime, we have 


N T/2N 
1 T 
Xe [ers 5) + be Ја 
h=1 "TIN 
N T/2N 
= da cos k (h— +) T cos kpt dt 
Zz) N? 4 
hl —T/2N 
+T/2N 
. 1 T : 
-sink (h-z)? sin kpt dt |. 
—T/2N 


NYQUIST: TELEGRAPH TRANSMISSION THEORY 


629 


The integral in the second term is equal to zero. Re- 
arranging and substituting n for К, this expression 
becomes: | 


т/ 2N N 
cos npt dt а, cosn( b- 4) P = А1 
—T/2N h=1 
| (3) 
The value of the integral is: 
2 sin npT /2 N 
np | 


Remembering that T p = 2 т, N/2 T = s, the speed of 
signaling, and np = 2 m n/T = w, the result becomes 


Acn 1 
N (^- 5) 


N 
А.Т 25п 0/48 
рене DIET 


А=1 


or 


_ 8 әп 0/48 1 2тп - 5) 
An = ^ ws — К У а, COS N (^ > " 
| (4) 


This has now been established for all values of » except 
zero. If the same procedure be gone through with 
equation (1) without multiplying by cos kpt it will be 
found that this formula does in fact hold for A, as well. 
Further, if equation (1) be multiplied by sin kpt and 
the same operations are performed it will be found that 


В, = “Sn әйе AP a, sin ann СЕЗ! 
he 
| (5) 
Put F (w) = Smets, (6) 
N 
С, = —у— X a cos X (1-5) (7) 
h=1 
: N | 
S, = —X- > asin T (^- =), (8) 
h=1 
The expressions (4) and (5) may now be written 
A,—1B, = F (w) (С, — 4 San) (9) 


The function F is determined by the wave form and 
(C,— i Sa) by the intelligence being transmitted. 
The former will be called the shape factor, the latter 
the discrimination factor. 

It is a matter of convention whether a plus or minus 
sign is chosen in equation (9). The choice made is 
consistent with the more usual convention. 

Appendix П-А 

Specific Criterion of Distortionless Transmission. It 
is of interest to investigate how intelligence may be 
accurately transmitted by signals employing rectangu- 
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lar wave shape at the sending end with a minimum 


frequency band width. In Fig. 1 it is indicated that 
this is usually possible when a band width equal to s is 
transmitted. A case of practical importance is where 
frequencies are transmitted from zero up to the speed 
of signaling. When such a limited frequency range is 
employed the received wave is, of course, different from 
the sent wave. In order that the received wave 
convey intelligence, it is sufficient that something 
pertaining to the wave in each of its time units be pro- 
portional or equal to the magnitude factor of each 
signal element at the sending end. First, let it be 
assumed that the received wave at the middle of each 
time unit, measured by an ideal receiving device, be 
representative of the signal element sent during that 
time unit. No notice will be taken of the wave at any 
other point in the time unit, and consequently deforma- 
tions of the wave at other points will not matter. It 
will be computed below what shape factor the received 
wave must have in order for its value at the middle of 
each time unit to equal the corresponding amplitude of 
the sent wave. 

Let the current at the receiving end at the middle of 
the time unit, k, be equal to a» Now t = (h — 1/2)T/N 
at the middle of the time unit, and the Fourier series 


becomes: 
1 
к (- ) 
277 


+ В, sin =F” (4- —5—) |. 
There аге N such equations, since h may successively 
take the values 1, 2. . . N. There are also N un- 
known values of A's and B's. (Note, В, = 0 and 
Ам» = 0. These unknowns may be determined by 
the usual methods of solving simultaneous equations, 
or more simply in the following manner: Multiply all 


; 2rk 1 
equations from h = 1 toh = N by cos N h= (3) 


N/2 


а = 5+ У [ А. cos 


n=l 


(1) 


and add them: 


ROW one (»--) 
Ача] 
(а) 
N 
— a a t (^- 3-) 
N N/2 (b) 
EN [ cos @+ю 5 (h- =) 
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(c) 
+ eos (k — n) Ат (5- >) | 
(d) 
+ B, [ sin (n + p Эт 


аю 2000 в) 


In equation (2), use has been made of the trigono- 
metric formulas: 


(2) 


cos a eos b = £08 (a 3-9) t cos (a — 0). 


sin (a + 


cos a sin b = b) 5 sin (a — 6) 


In order to simplify equation (2) we will employ the 
identities: 


N : 
» Со С 1 ) _ Cos Nz/2 sin Nz/2 (3) 
sin 2/2 
h=1 
N 
sin? Na /2 


(4) 


У sine (h- =) = 


h=1 


Колый н 
sinz/2 ' 


To prove these identities, multiply the left member of 
(4) by запа add to the left member of (3): 


N N 


D %(һ- =) x + isin (h— B х = > eos | 


=] жж 


N 


iz iz 
=e? > еїһ® = e? (1 + erp erp. , , eXN-0z) 
h=1 
iz Мт М2 iNz dNz 
2 (Les) e? (e? —e? ) e? sin Nx/2 
1 — e (Coe 9m—,.4* sing/2 
- eos Nx/2 sin Nz/2 T. sin? Nz/2 (5) 
i sin z/2 sinz/2 ' 


Equating real and imaginary parts gives equations 
(3) and (4), respectively. 

By applying formula (3) to terms (a), (b), and (с), 
of equation (2), and applying formula (4) to terms 
(d) and (e), 


N 


> nace 
i N 


A=1 


cos kr sin kr 
sin kr/N 
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N/2 
1 eos (n + k) T sin (n+ k) т 
Bale = eeN 


n=) 


cos (k — n) т sin (Е — п) т 


+ sin (k — n)r/N ) 


sin? (n + k) т sin? (К — п) т 
ш (= (n + Е) r/N әр (Е – п) т/М ) |® 


As k approaches any integral value of n, for instance 
т, from 0 to N/2 — 1 inclusive, all the numerators of 
the terms in the right-hand member of equation (6) 
approach zero. Consequently, these terms approach 
Zero except one term 


An соѕ (Е – т) sin (Е — m) v 
sin (k — m) v/N 


whose denominator also approaches zero. "This term 
becomes N А ,/2. Setting k = m, solve equation (8) 
for Am: 


N 
2 2mm 1 
An = = X an соз N (в -) = 2C.. (7) 
А=1 
Changing subscripts: 
A, = 2С„. (8) 
Now if, instead, we multiply equation (1) by 
sin ark (^ == ) a similar process gives: 
N | 2 3 p gl 5 
B= 25 (n < N/2). (9) 
But when n = N/2 this process gives: 
Bui» = КЕ (10) 


From equations (8) to (10) it is seen that the shape 
factor which will be denoted by Fo (w), 1s equal to 2 
from zero frequency up to the speed of signaling where 
it suddenly drops to half that value. Above this 
frequency Fe (w) is equal to zero, as shown in curve а, 
Fig. 2. | 

It will next be shown that there is an infinite num- 
ber of shape factors which may be added to curve a 
which produce no change in the current at the middle 
of the time units. For example, curve b shows a speci- 
men of such a shape factor, which may be any single 
valued curve so long as it is symmetrical about the 
speed of signaling except for a change in sign. When 
this shape factor is added to that of curve a, a curve 
such as c may result for the total shape factor which is 
also ideal. Denote the shape factor of curve 6 by 
Fa (w). The wave, due to such a shape factor, is: 


N/2+m 


> Fa (о) (C, cos npt + S, sin npt) 


n=N /2—m 


= N Fa (о) (Cyj2-n COS (278 — пр) і 


n=0 


+ Su;s-, sin (2 T s — np) t) 


+ > Fa (w) (Си соз (2:5 +n p) t 


n=1 


+ 8324. Sin (27 85 + n p) t) (11) 


where m is any positive integer less than N/2. It 
follows from equations (7) and (8) of Appendix I that: 


TE Cyje-n = Смуга (12) 
$мо-» = Sny2tn- (13) 


Substitute these relations in equation (11) making use 
of the trigonometric formulas: 


eos (a— b) + cos (a + b) =2ecosacosb (14) 
— sin (a — b) + sin (a + b) =2cosasinb (15) 


and put Рл (2785) = 0 and Fa(2rs+np) = 
— Ёл(2тз— пр) so that the formula for the wave 
becomes: 


т 


У 2Р^ (2тз + пр) (соѕ2 т зі) (Сх, оу. сов npt 


n=l 


+ Sy; 2--n sin рї) . (16) 


Since this expression contains the factor cos 2 7 sí, 
which is zero at the middle of the time unit, the wave 
does not have any effect on the receiving device when 
the latter records current values at the middle of the 
time units only. The curve b is any real shape factor, 
symmetrical about the dot frequency except for a 
change in sign. Therefore, every such real shape 
factor when added to curve a gives a resultant shape 
factor which is ideal. | 

It is next desired to show that the addition of an 
imaginary shape factor which is any single valued 
function whatever, provided it is symmetrical about the 
dot frequency in both magnitude and sign, does not 
contribute to the value of the wave at the middle of 
the time units. Consider the curve d of Fig. 2, which 
represents the magnitude of any symmetrical imaginary 
shape factor, 2 Fa (w). 
А.В, =t Fa (w) (С„—%5„) = Fa (w) (Sa 3-2 C4). 

(17) 

Equating real and imaginary parts of equation (17) 
the values of A, and B, are determined, so that the 
wave may be expressed as follows: 


N/2--m 


> Fa (w) (S, cos npt + C, sin npt) 


n=N /2—т 
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= M ғ, (w) (Sujs-. cos (2тв— np) t 


n=0 ; 


+ Cu;s-. sin (2m s— пр) і) 


+ > Fa (о) (Snj4in Cos (2т5 пр) ї 


nzl 


+ Cus 4 Sin (27 $ -- пр) і). (18) 
Using formulas (12) to (15) and putting Fa 
(2rs+np) =F, (2T s— n p) the wave becomes: 


> 2Fa(2ms+nyp)(cos2rst) (5$хуо+„ COS npt 


ne 


+ Cy/e+n sin npt), (19) 
which is zero at the middle of the time units on account 
of the factor cos2 rst. Since this is true for any 
symmetrical function, Fa (w), there is an infinite 
number of imaginary shape factors which do not affect 
the values of the wave at the middle of the time units. 


Appendix II-B 
Network for Distortionless Transmission. The pur- 
pose of this appendix is to illustrate, concretely, the 


matter which has been discussed in Appendix II-A, 
and the portions of the main text associated therewith. 


This appendix does not form any part of the chain of 


reasoning in the sense that anything which is here dis- 
cussed or deduced will be required subsequently. It can, 
therefore, be eliminated by those who are primarily in- 
terested in the deductions of the main theory. 

It has been shown in Appendix II-A that a certain 


Sent Voltage Wave 
0 Seconde 00524 


Fic. 5—INsTANCE or NowN-DisrongnrTiNG WAVE 


ideal shape factor can be modified by the addition of 
certain other shape factors which possess a specific 
kind of symmetry about a frequency equal to the 
speed of signaling. It is obvious, on consideration, 
that similar shape factors possessing symmetry about 
the frequencies 25, 3 s, etc., сап also be added in a 
similar manner without affecting the principal char- 
acteristic of the shape factor. These considerations 
are not of great practical importance in the cases con- 
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sidered because it has been assumed that the important 
telegraph problem is to transmit maximum intelligence 
in minimum frequency range. However, these con- 
siderations will aid in understanding the subject matter 
of the present appendix. 

Fig. 5 shows a very simple circuit which has been 
designed for the purpose of illustrating a non-distorting 
wave. This circuit, containing only two reactance 
elements, has a very simple form of transient, namely, 
a uniformly damped sine wave. Now an important 


Fie. 6—TRANSFER ADMITTANCE, u + iv, CORRESPONDING TO 
THE NowN-DisronriNa WAVE SHOWN IN Fia. 5 


property of the sine wave is that its zeros are located at 
equal intervals, which is precisely the property required 
of a non-distorting wave under the criterion discussed 
in Appendix II-A. The interval between successive 
zeros in the illustration chosen is 0.00524 sec.; and 
this is also made the duration of the time unit of the 
sent signal, as illustrated in the figure. It will be 
remembered that on the criterion under discussion a 
specific point of the signal element is picked out and 
taken to represent the element. In the case illustrated, 
this point should be taken at an interval 0.00524 sec. 
previous to the first zero. It is obvious that if this is 
done the interference due to all previous signal ele- 
ments is zero because the interference due to each one of 
them is zero. It follows that any receiving device 
which is made to function by the current at that point 
will be distortionless as far as interference from ad- 
jacent signal elements is concerned. 

Fig. 6 shows the transfer admittance of the same 
network. The speed of signaling corresponds to the 
point for which the abscissa is 600. It will be observed 
that these curves do not possess the simple symmetrical 
characteristics discussed in Appendix II-A, but this is 
because Appendix II-A was confined to a narrow 
frequency range not much exceeding the signaling 
range. If consideration be given to this fact, together 
with facts discussed in the second paragraph of the 
present appendix, it will be found that this simple 
network illustrates the theory. 

Both the transfer admittance and the value of the 
current curve are easily computed in the present case. 
The transfer admittance is given by the expression: 
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1 
Rı+ R: +71 w(L +R R:CO— LCR: 
The current, from the time t = 0 up to the time 


t = 0.00524 sec., is given by an expression which takes 
the following form for the numerical values given: 


a 


1 1 
A (t) = 2000 [1 — 6200 (cos 600 ¢ + 3 sin 600 ) |. 


After the time t = 0.00524 sec., the current is given by 
the expression: 
A (t) — A(t — 0.00524) 

— 9-208 


1 
= 200 (1 + erus) (cos 600 ¢ + 3 sin 600 ). 


Appendix III 


Alternative Criteria of Distortionless Transmission. 
An alternative criterion of distortionless transmission 
is that the interval, between the instants when the 
received wave passes through the mean value, shall be 
the same as the corresponding interval at the trans- 
mitting end. A receiving device which responds to the 
values of the wave at the ends of the time units, instead 
of at the middle, will give distortionless transmission 
provided the wave at the end of the element, h, is 
proportional to (a, + а, + 1) /2. This is the criterion in 
ordinary land-line telegraphy. Strictly speaking, we 
should also require that the wave does not pass through 
this value at points located within the time unit. 
It is thought that the complication involved by intro- 
ducing this condition is not warranted. We will 
first determine the coefficients of the Fourier expansion 
of this received wave for the case where the frequency 
range is limited to the interval between zero and s. 
We have: 


N/2 
Qn + Ons " А» AmTnh 
mu - 52 + (А.о 
n=l 
+ В. sin 22701), (1) 
(Р = 1,2,. . . N), 


since t = h T/N at the end of the hth time unit. 

As in Appendix II-A, we have N simultaneous 
equations and N unknowns, the A’s and the B’s. The 
solution is of the same nature as before, except that 


the equations are multiplied by cos AT instead of 


Z zs ( h— +). before being summed. For 


COS 


values of n < N/2 we find by similar reasoning: 


N 
2 | Ar аһ+1 
N 2 


hel 


2rnh 


A, = cos N^ 
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N 
T F- 2 а, [ cos 37" + cos Т” @— 1). р |. 
(2) 


By means of the trigonometric formula 
cosa + eos b = 2 cos 5 (а + b) сов 4 (a — b) 


we find that equation (2) may be written: 
“М 


2 n 2тп 
А, A (es) D а, cos N 


h=1 


с 
= 2 cos Te C, 
An analogous line of reasoning gives: 


U) 
B, = 2 cos {s Dni (4) 


The shape factor is 2 cos w/4 s (Fig. 3, curve a), for 
frequencies up to s, and remains zero for higher fre- 
quencies. A transfer admittance which will produce a 
wave of this form when the sent wave is rectangular is: 


U) 


д, 
= —— eot —— 


4s’ 

Y = 0, when w>27s. (5b) 
This is obtained from the ratio of the shape factor at 
the receiving end, divided by the shape factor at the 
sending end. 

Such a system would be incapable of transmitting 
ordinary reversals, since zero current is transmitted for 
frequencies equal to or greater than the dot speed. 
This defect may be remedied by the addition of shape 
factors which are symmetrical about the signaling 
frequency, and do not contribute anything to the wave 
at the ends of the time units. By reasoning, analogous 
to that given at the close of Appendix II-A, it follows 
that the wave due to any real shape factor, symmetrical 
about the speed of signaling in magnitude and sign, 
(Fig. 3, curve d), contains the factor sin 2 т s f, and, 
therefore becomes zero at the ends of the time units. 
In a similar manner it can be shown that the wave due 
to any imaginary shape factor, symmetrical about the 
dot frequency in magnitude but not in sign, (Fig. 3, 
curve b), also becomes zero at the ends of the time units. 
The addition of curve d to curve a gives curve c, which 
is also an ideal shape factor. 

A third criterion for distortionless transmission is 
that the area under the received wave shall have the 
same value as that under the sent wave during each 
time unit. Thus during the time unit h, the area under 
the received wave must be: 

ATIN 


when w < 278 (5a) 


N/2 


a, Т/М = | СЕ + > (A, cos npt 


i=(h—-1)T/N = 
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+ B, sin npt) | dt. (6) 


This equation may be multiplied by N/T, integrated, 
and by means of the trigonometric formulas 


sin a — sin b = 2 cos —у— (a + b) sin —L- (a — b) 


— cosa + eos b = 2sin -$ (a + b) sin -1— (a — b) 


it may be reduced to the following form: 


N/2 


-- B, sin 


x-(-3)] т) 


This equation is the same as equation (1) of Appendix 
II-A, except for the factor: 


( sin т) Z #5 sin 2 ) 
тт NJ]. ( W 4s 
Consequently the shape factor for this wave is equal to 


the shape factor of curve a, Fig. 2, divided by 
4 s/w sin w/4 s which reduces to: 


_ «fas | 
ае ha for0 < о < 27s, (8) 
Fo (w) = 7/2, fr w = 2 rs, (9) 
Fo (w) = 0, for 2 rs < о, (10) 


which, if the sent wave is rectangular, corresponds to a 


transfer admittance: 


_ w/4s Y | 
Y (9) = (xs ) for0 < о «275, (11) 
Y (w) = н | for w =2 rs, (12) 
Y (o) = 0, for2Ts«o. (13) 


In order to determine shape factors which may be 
added to Fy (w) without changing the received signal, 
the following method may be employed. Let Fa (о) 
represent the shape factor to be added. The wave due 
to this shape factor comprises frequency components 
which lie above and below the dot speed. Let ó equal 
any convenient frequency increment not greater than s. 
Then consider any pair of components at the fre- 
quencies (s + б) and (s — 4), respectively, and find what 
values of Fa(w) at these frequencies will produce 
components which do not change the received signal. 
The portion of the wave due to these components is: 

I = Fa (2 т (s— 0)) (Смг-„ 0082 т (s— ô) t 
+ муга sin 2 т (s = б) t) 
+ F4 (2 т (s + 6) ) (Cuj244 COS 2 т (S + ô) € 


+ Swyosn sin 2 т (s + à) t) (14) 
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In order that this portion of the wave add nothing to 
the received signal, Г Idt must be zero between 
h/2 s and (h — 1) /2 s, which is the time of the unit k. 
Performing the integration and simplifying the result 
gives an expression which reduces to zero when 


Fa (2 m (s— 0) )/(s— ô) = — Fa (2m (s + ô) )/(s + ô) 
(15) 


Thus F4 (w) may have any real value, provided the 


 eonditions of symmetry are fulfilled as expressed in 


equation (15). This is true for any value of 6 « s, 
and, therefore, is true for all values of ô < з. A similar 
line of reasoning for imaginary shape factors, t F4 (о), 
which do not change the signal, gives: 


t Fa (2 m (s— 6))/(s— б) = 1 Fa (2 т (s + 6))/(s + 6). 
(16) 

Insufficiency of Ranges Smaller than the Signaling 
Speed. It has been shown that a frequency range 
numerically equal to the speed of signaling is necessary 
for the case where there is no limitation on the number 
of distinct magnitude factors. It might be questioned 
whether the proposition is true when this number is 
small. Consider the case where there are just two, 
distinct magnitude factors, + 1 and — 1, and where the 
current at the middle of the time units is taken as the 
criterion of transmission. Since there are only two 
magnitude factors involved it is to be considered neces- 
sary and sufficient that the wave at the mid-point of 
each time unit should have the proper sign, regardless 
of magnitude. We will now show that this cannot be 
insured when the transmitted range is less than the 
speed of signaling. 

Suppose first that the transmitted range extends from 
zero to a point lower than the speed of signaling, so that 
the missing portion is at the upper end of the range 
0— s. Let N/2 be an odd number and let the first 
N/2 signal elements be + — + — 
Let the next N/2 signal elements be a repetition of 
this and let the signal be repeated indefinitely. By 
far the most important harmonic of this signal below the 
frequency s is the (№/2 — 1)th which corresponds to a 
frequency of s(1— 2/N). By taking N sufficiently 
large we can insure that this harmonic is suppressed. 
If all frequencies up to s are transmitted and equalized 
for distortionless transmission, and then the frequency 
s (1 — 2/N) removed, it is found that, due to the great 
magnitude of this component, the signal is reversed 
in sign at some of the critical points (mid-points). 
The question is, whether by alteration of the remaining 
components this can be corrected. We next show that 
this cannot be done. 


Consider the function cos 2 т s (1 — 2/N )t. (This 
function has the same sign as the sent signal at all the 
critical points. Next consider the sum obtained by 
adding the products of this function and the received 
wave value at the critical points. If the wave is correct 
in sign each one of these products is positive and there- 
fore the sum is positive. Now, it is easy to show that 
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for any component of the received wave of lower fre- 
quency than s (1 — 2/N), the contribution to this sum 


is zero, the negative products balancing the positive. - 


Therefore the assumption, that the received wave has 
the correct sign at all the critical points, and the assump- 
tion that it is made up entirely of frequencies lower than 


`- s (1 — 2/N), are inconsistent. 


In case the suppressed range is not at the upper end 
of the range 0 — s the procedure is similar. First find 
a frequency, prime with respect to s, and which lies in 
the suppressed range, and is an even harmonic of the 
period T. Let its frequency be s’. Construct the 
function eos 2 т s’t. Next construct a signal made up 
of + 1 and — 1 elements whose sign at each critical 
point is the same as that of cos 2 т s' t. The argument 
then proceeds as before. 

Similar proofs can be produced for other criteria. 


Appendix IV 


Analysis of Carrier Wave. It is required to find the 
sinusoidal components of a carrier-telegraph wave of T 
sec. duration, composed of N time units, and repeated 
an indefinitely great number of times. The carrier 


м ATIN 


— У 
Т 


Q.—np 
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current is modulated by a rectangular envelope during 
each of the time units, so that the wave has the follow- 
ing values: | 
E (t) = a, cos (w. t— 0), for 0< t< T/N, (time unit 1), 
E (t) = a; cos (о.і — 0),for T/N << 2T/N, 
(time unit 2), 

E (t) = a, cos (w.t— 0), for(h — 1) T/N «t « Ah T/N, 
(time unit h), etc. 

Let the total wave be represented by the Fourier 
series: 


co 


fe + У (A, cos npt + B, sin прі). (1) 


п=1 


By reasoning similar to that of Appendix I: 


N ATIN 


Ape 7 У a, cos прі cos (w. t — 0) dt 
A=1 


(h—1)T/N 


аһ (cos [ (w. — n p)t— 0] + соѕ [ (о, -- * p) t — 0] ) dt 


N . 
— Еши — 0] — sin [ (w. – n p) (h — 1) T/N — 6] 
h=1 


„ sin[(@ + тр) h T/N — @)—-sin[(@. + n p) (h — 1) Т/М — 0] ] 


аһ Cos [ (о — пр) (Ай – 1/2) Т/М – 0] 


аһ Cos [ (о. + n p) (Р — 1/2) T/N — 0]. (2) 


We +n Dp 
N 
2 sin (w. — n p) (T/2N) cos[(w.— n p) (h —1/2) T/N — 0] 
EJ 2i [ о. – тр 
h=1 
sin (we + n p) (T/2N) cos [ (о. + n p) (h — 1/2) T/N — 0] ] 
+ Qc. +N Dp 
N 
_ 2sin (о, — np) (T/2 N) 
i T (о, — n p) 
h=1 
N 
4 2sin(w, + n p) (T/2 N) 
T (о, + n p) 
k=l 
S.A. F' (о) С, + Е" (о) С„”, (3) 


2 N sin (о. = np) T/2N 


where: F’ (oe Tio. S np) 


4ssin(w.— w) s 


Q.— Q í 
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2Nsin(w.+np)T/2N 


E T (о. +n p) 


4 s sin (о. + w) dr 


W + c ? 
Са wm IN Ses [Go ар E iT /N— 6| 
h=1 
C," =1/N > аһ COS [(o. + пр) (s — z)r.N- в. 


h=1 


In asimilar manner it can be deduced that 


В, = F’ (w) 8,' + Е" (о) S,", (4) 


Drs] 


where: 


S,’=—1/N > a, sin [ ®- npy(h 


h=1 


S," =1/N ғ a, sin E + n p) (^- 5) Т/М — 8]. 


Һ=1 


Multiplying equation (4) by i and subtracting it 
from (3) gives: 
A,—tB, = F'(w) (C, —4S,") +E” (о) (C," — i Sn"). 
(5) 
It is evident that a special relation exists between 
(C,’ — 4 S,^) and (C,” — i S,") when the carrier fre- 
quency is an integral multiple of the dot speed, so that 
ш = 2mqs. When д is even, we see by inspection 


that: 
-i( ZL +0 
Cy’ —28,’ = XN ( : ) 
2 .,TQ 
> аһ e—inplh —1/2)T/N = е +e) (C, CI Ü Sn), 
А=1 
(6) 
where (С, — 2 Sn) is the same as for the direct current 
case. Also: 
PEE Tq N 
C," РЕБ ? S," € EE +6) > а, g- inb -1/2)T/N, (7) 
hzl 
whence: 


C," — 4S," = еба +20) (С„/ — i Sn’) = e29 (C,’ — 1 5„”) 


; (8) 


aa о Ж 
Substituting (6) and (8) in (5) gives: 
zi funk ;( 2. 
А, – iB, = [e (5 +9) F’ (w) +e (7s +) F” (o) | 


X (С„—%5„). (9) 
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When q is odd, a similar line of reasoning gives: 


NTLCE 
A,-iB,-[e 9 1) Free) 


i x(q —1) 


+e 


9) F” (w) ] (Cujs-5 + i Syyo-n). (10) 


F’ (w) is symmetrical about the carrier frequency in 
magnitude, but F” (w) is unsymmetrical. It will next 
be shown that (A, —– 7 В,) is symmetrical about the 
carrier frequency when the modulating wave contains 
no components higher than the carrier frequency. 
From this it may be inferred that F” (w) is zero when 
these components have been removed from the modu- 


lating wave before modulation takes place. For 
example, let the modulating wave be: 
43/2 
(11) 
п=1 


Multiplying (11) by cos (o. t — 0) and maang use of 
the trigonometric formulas: 
cos a cos b = (1/2) cos (a + 4 + (1/2) cos (a — b) 
соѕ а sin б = (1/2) sin (a + b) — (1/2) sin (a — b), 
gives the carrier wave: 
43/2 


A eos (a. t — pac > f [A, cos (wet + npt— 6) 


n=l 


+ B, sin (c.t + npt — 0)] + [A, соз (о, t — npt — 0) 

| — В, sin (w. t — npt — 0)]]. (12) 
We see by inspection that components of this wave 
have the same amplitudes, VA. + В,2, at equal 
distances + npfrom w, where np is never greater 
than w,. Hence an analysis of this wave by a method 
analogous to that given in the earlier part of this 
appendix, could yield no unsymmetrical shape factor 
such as F” (w). 


Appendix V 


Single Sideband Transmission. The principle which 
wil be employed in the following discussion is, that 
when the received wave through any complicated 
admittance is to be determined, it is permissible to 
subdivide the admittance into component parts to 
determine the received wave for each component, and 
to add the resulting received waves for all the com- 
ponents to obtain the complete wave. To make clear 
the use of this principle a beginning will be made with 
the transfer admittance shown at a in Fig. 7. Strictly 
speaking, this admittance is a hypothetical one only, 
but it illustrates the principles and is a first approxima- 
tion to the actual ease of band-pass filter. 

The admittances are to be taken as real quantities. 
That is to say, either there is no delay or, if there is any 
delay, it is equalized and a new time origin is chosen so 
that the delay disappears from the expression for the 
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admittance. The carrier frequency is assumed to be 
located at w.e, and the transfer admittance of the 
system extends unsymmetrically in the two directions 
from this frequency as indicated in the figure. 

There are infinitely many ways in which this area 
may be subdivided into component transfer admit- 
tances, but the one most suited for our discussion is 


8 ! 


Y i 
Or e On 
Е A) 
[] 


We 


Fig. 7—GRAPHICAL ANALYSIS OF A TRANSMISSION 
CHARACTERISTIC 


The sum of the transfer admittances shown at b, c, and d equals the 
transfer admittance shown at a. The components, b, с, and d. are chosen 
so as to possess symmetry about the carrier frequency 


shown in the remainder of Fig. 7. It will be observed 
that if the three admittances, (b, c, and d), are added 
together the result is the admittance shown at a. In 
accordance with the principle set forth above we con- 
clude, therefore, that the received wave, in the case of 
the admittance shown at a, is equal to the sum of 
the received waves deduced from the other three 
admittances. 


Considering first the admittance shown at b, we 


have here complete symmetry with respect to the carrier 
frequency; and it follows from the discussion of the 
symmetrical carrier case that the received wave is of 
the same frequency and phase as the carrier frequency 
and is modulated by a low frequency wave, which is 
identical with that obtained in d-c. telegraphy when a 
transfer admittance extending from 0 to w, is employed. 
It is assumed, for simplicity, that the wave used originally 
to modulate the carrier wave contains no components 
of as high frequency as the carrier frequency. The 
discussion of the admittance, shown at с, is identical 
with that of b. Comparing these two components, it 
is concluded that they are in phase relative to each 
other, and that the component due to b builds up more 
rapidly than that due toc. It is obvious that the time 
it takes the result, due to these two components, to 
reach a steady state is determined by the slower of the 
two. We сап conclude, tentatively, that, when the 
carrier frequency is located near one end of the band, 
it is the frequency range from the carrier frequency to 
the nearer edge of the transmitted band which deter- 
mines the rate of building up. 

The admittance shown at d is also symmetrical about 
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the carrier frequency, but it has а different type of 
symmetry. To contrast the effect of this kind of 
symmetry with that of the symmetry previously 
discussed, let us assume that the carrier wave is repre- 
sented by cos о, ѓ, and that the modulating wave is 
represented by A, cos npt. The modulated wave is 
then A, cos npt cos «t. This ean be divided in the 
usual way into two components located symmetrically 
with respect to the carrier frequency. The two 
components are 

(A,/2) cos (о, — n p) tand (A,/2) cos (о. + n p) t. (1) 
It is obvious that, in the case shown at b, these com- 
ponents are transmitted without any relative change 
and thus eombine to form the original modulated wave 
without any modification other than a possible multi- 
plication by a constant. In the case of the admittance 
shown at d, however, there is a relative change in 
these components. If one of them is left unchanged, 
the other is multiplied by — 1 and the two components 
become 

(A,/2) eos (Ww, —n p) tand — (A,/2) eos (w+ n p) t. (2) 
The resultant wave is A, sin npt sin w. t. The im- 
portant change produced by admittances, of the type 
shown in d, is that the carrier frequency has suffered a 
phase shift of 90 deg. An incidental change is that 
the modulating frequency, which represents the 
signal, has also suffered a change of 90 deg. This 
reasoning can be carried through for all the components 
making up the modulating wave, as long as their 


Fie. 8—GrapHIcaL ANALYSIS OF A ‘TRANSMISSION 
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The sum of the symmetrical transfer admittances shown at 5 and с 
equals that shown ata. The heavy line in d is identical with the curve in a; 
the thin curve is the mirror image of the heavy one. The curve shown at 
b equals one-half the sum, and that shown at c equals one-half the difference 
of the two curves shown at d 


frequency is less than the carrier frequency. It follows 
that the-zeros of the total wave, due to the admittance 
shown at d, are displaced one-quarter period of the 
carrier wave with respect to the zeros of the corre- 
sponding waves obtained with b and c. 

It will be obvious that if the components due to c and 
d eould be eliminated, the resultant wave would be 
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determined by the separation between the carrier 
frequency and the far edge of the band transmitted. 
The wave, due to admittance shown at d, can be elimi- 
nated in the reception of the wave by the method dis- 
cussed under “Phase Discrimination." The wave, due 
to с, is not disposed of so easily. It might ke thought 
that by moving the carrier frequency nearer to the edge 
of the band the admittance shown at c could be made to 
extend over a very narrow frequency range, and thus 
be made negligible. It should be noted, however, 
that the steady state value of the received wave is the 
same, regardless of the width of the band, and that as 
long as any portion of c remains there will always be a 
slow, interfering wave. The only satisfactory answer 
is to locate the carrier frequency exactly on the edge of 
the band, so that there is no separation, however small, 
between the edge and the carrier frequency. This 
peculiar condition is due to the fact that we have 
assumed a transfer admittance, having an abrupt cut-off. 

In the practical case the cut-off is gradual, not 
abrupt. ‘The transfer admittance shown at a, (Fig. 8), 
represents a transfer admittance (real) which is suitable 
for single-sideband transmission. It can be separated 
into two parts as shown, respectively, at b and с: 
c possesses the kind of symmetry which leads to a 
phase-quadrature component; and b possesses the kind 
of symmetry which is desirable. 

Strictly speaking, it is somewhat inaccurate to apply 
the term “single sideband transmission" to the case 
shown in Fig. 8, or, in fact, to any ease where portions 
of both sidebands are transmitted. Since it would 
seem to be out of the question to transmit a single 
sideband, in a strict sense, in the case of telegraph 
waves, there should be no objection to this designation. 

The results obtained in connection with Fig. 8 may 
be described in slightly different terms. Referring to 
a, the dotted line may be said to represent the ideal of 
single-sideband transmission. The numeral 1 marks 
the area which is removed from the ideal by the gradual 
cut-off of the admittance curve. The removal of this 
area results in an impairment of the wave due to the 
principal sideband. The area indicated by the numeral 
2 represents the vestigial sideband, and results in an 
impairment. The result obtained, briefly stated is: 
If areas 1 and 2 are equal, in the sense that when either 
is rotated through point 3 it can be made to coincide 
with the other, the impairment due to a missing portion 
of the principal sideband is exactly compensated for 
by the wave due to the vestigial sideband. 

The discussion above has been limited to the special 
сазе of real admittances. In what follows this restric- 
tion will be eliminated and general complex admittances 
will be considered. These do not lend themselves so 
readily to graphical representation, and for that reason 
the treatment will be made algebraical instead. There 
is, however, a close parallelism between the analysis 
below and that given in Fig. 8, and it is thought that 
reference to the figure will be useful. 
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Let the transfer admittance of the given system be 
denoted by Y(w— w,). Consider the admittance 
represented by Y (w.— w). These two characteristics 
are the mirror images of each other with respect to the 
carrier frequency. They are illustrated at d, in Fig. 8. 
Next let Y (о — w.) be resolved into two components 
after the manner discussed above 


Y (о — w.) = Yi(o— w) + Ys(o— we) 
where 


(3) 


1 
Yi(o-— o) = 3 [Y w- We) + Y (о, – w) | (4) 
and 

1 
Y: (w — w.) = 3 [Y w- W) — Y (о. — o) | (5) 


These two components correspond to the graphical 
resolution shown at b and c, Y, being symmetrical 
about the carrier frequency both as to magnitude and 
sign and Y, being symmetrical with respect to mag- 
nitude but reversed with respect to sign. 

Let cos npt be a component of an impressed wave, 
and let it modulate the carrier wave cos «t. The 
resulting wave is 


COS прі COS w. t 


1 1 
= -у cos (о. — np) t + Cos (о + np) t (6) 


Consider first the wave resulting from impressing the 
first of these (the lower sideband) on the admittance 


Y,(w— о,). Let this admittance be represented by 
gi (w — w.) +0, (о — w), the quantities gı and b, 


being real. Impressing the wave E cos (w. — np) ton 
gı the resulting wave is , 

zn (w — w.) eos (o, — np )t 

1 
or € 9: (np) cos (we — np) t (7) 
Similarly, ? b, gives rise to the received wave 

- 5 b, (np) sin (w. — np) t (8) 


Carrying out similar operations for the upper sideband, 
and remembering the symmetry of Ү,, the total wave 
transmitted by Y,1s 


1 
2 9 (np) [eos (о, — np) t + eos (о. + np) t] 


(9) 


1 
— z bi (np) [sin (w. — np) t + sin (ө, + np) t] 
which may also be written 
gı (np) eos npt cos w, t— b, (np) cos npt sin Wet (10) 
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In a similar manner the wave received through 
Y, (€ — We) і 1S 
— 02 (пр) sin npt sin w. і — be (np) sin npt cos о, t (11) 


Now if the wave is demodulated at the receiving end, by | 


multiplying it by the factor 2 cos (о, і — 4), and if 
high frequencies are neglected, we have for the received 
wave after demodulation 


gi (np) cos Ф cos npt — b, (np) sin $ cos npt 
— go (np) sin sin npt — b; (np) cos $ sin npt (12) 
It now follows that the three operations, of modula- 


tion, passage through the filter, and demodulation 
supplemented by the suppression of high frequencies, 
are equivalent to the passage through a filter having the 
characteristic 


Y, (n p) = go (n p) + îi bo (n p) (13) 
where go (n p) = 9. (п р) соѕ ф —– 0, (пр пф (14) 
bo (np) = 9 (n p) sin ф + bz (пр) соф (15) 


This formula then permits the direct computation 
of the received wave. It will be noted that ф may be 
given an arbitrary value. As a simplifying assump- 
tion, we may make ¢ equal to the phase shift of the 
carrier frequency, 2. e., 


b, (0) 
gı (0) 


Appendix VI 
Analysis for Generalized Wave Form. Let it be re- 
quired to find the sinusoidal components of a periodic 
telegraph wave whose signal elements have the value: 
I, = af (t— (h — 1/2) T/N) (1) 
where a, is the magnitude factor and 
f (t— (h — 1/2) T/N) 
is an arbitrary function of time, and may overlap both 
antecedent and subsequent timé units. The origin of 
tis taken at the beginning of the wave. 
The total current, at the time f, is: 


N 
Ж» 


h=] 


tan ф = — (16) 


D aft- h- 1/2 T/N 


h=1 


I(t) = (2) 


provided the period T is of greater duration than the 
wave form. 

Let I(t) be represented as a Fourier series; then, by 
a method similar to that followed in Appendix I 


T N 


T -f > anf (t — (h — 1/2) T/N) cos npt dt. 


б hel 


(3) 
Changing the origin of £ to the center of the signal 
element, to which each term in the summation refers, 
2. €., putting 
t= (h— 1/2) T/N +t’ 
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and dropping the prime, we have: 
N T/2 


f (t) eos ( npt 


—T /2 


N 
= -7 fro cos npi dt D; ax cos 2" (h— 5) 


“T/2 hæl 


T/2 


— = IE (t) sin npt dt > аһ sin 


h=] 


we» 


f (t) sin npt dt | ' 


—T/2 


f (t) cos npt dt — 


-T/2 


(4) 
In a similar manner it can be shown that: 
T/2 T/2 
B,=4s | ©. f (t) sin nptdt + S, | f(t) cos npt at |. 
-—T/2 —T [2 (5 


Multiplying equation (5) by ?, and subtracting from 
(4): 
А, – і В, 


= Р (w) (C, з t Sn) (6) 


Where 
со + со 
F (о) = ЕС e^» dt = 4 $ IE (t) e«t dt. (7) 


To solve the reverse problem of finding f (t) in 
terms of F (w), put 


f(t— T/2 N) = 


пч] 

(8) 
which is the Fourier series representing a signal, con- 
sisting of a single dot, whose a, = 1 and other values of 
а› are equal to zero. 

According to the definitions of A, and B, in Appendix 
J, it is permissible to arrange this expression as follows: 


ўа T/2N) = —у— (6, - iS) F (w) ev. (9) 
Substituting: 
C, = dr cos ^D (10) 
S 1 NT 
n = N sin N (11) 
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we get 
]@— T/2N) = > Lo ell") 2) 
Putting t = T/2 N + t'.and dropping the prime 
© F (о) Р 
f= SE om aq» 


п=з— СО 


As the period approaches infinity, the wave form 
approaches 


со 


1 iw 
ETTI | tdw. 


/@ = (14) 


Now, in order to observe the effect on the shape 
factor, let us consider a special wave form, for example, 
a wave obtained by curbing. For this type of signal 
the rectangular wave is cut short for a small portion 
of the time of the value x at the beginning and at the 
end of each time unit, so that 

О) = 1, for (— T/2N + æ) «t < (T/2 N — х) 
and 

fi) = 0 
for 
—T/2N «t < (— T/2N + x) 
and (T/2N – х) «t < TN. 
For this wave form, equation (7) reduces to 
T/2N-* 


F (w) = 48 | [cos npt — 1 sin npt] di 


—T/2N+x 

_ 2sn[na/N—2722/T | 

E m T/N ° 
Put x = T/8 N, 
which corresponds to a shortening of the time during 
which the battery is applied to the cable to 34 of the 
length of the total time unit, and apply ground during 
the remaining portion. For this case 
8 s sin (8 w/16 s) 
= 


(15) 


F (о) = (16) 


Comparing this shape factor with the corresponding 
one for the non-curbed wave, (given in Appendix I), 
equation (6), it is seen that the effect of curbing is to 


А . 90 . W 
multiply the shape factor by sin 16 s | sin ^ — A net- 


work having this eharacteristic in the transmitted range 
would be equivalent to the curbing. 


Appendix VII 


Distortion Correction by Signal Shaping. The prob- 
lem is: Given an arbitrary transfer admittance, 2. e., 
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one which is not ideal, how should the sent wave be 
shaped in order that the received wave may be non- 
distorting? It is proposed to derive the solution for the 
case, where the value of the received wave at the middle 
of the time unit is taken as criterion for distortionless 
transmission. There are many solutions to this prob- 
lem, and we will restrict ourselves, at the outset, to a 
particular type of wave form for the signal elements of 
the sent wave; namely, the type wherein each signal 
element is made up of a series of rectangular steps, 
each of one time unit duration (Fig. 9). The problem, 
then, consists in finding the height of each step. 


Ес 9—ExaAMPLE ОЕ SIGNAL SHAPING TO PRopDUCE DISTORTION- 
LESS RECEIVED SIGNALS 


By changing the point of view somewhat, it is 
possible to make use of some previously obtained 
results. Let us temporarily look on the unknown signal 
element, not as a signal element but as a signal made up 
of a succession of rectangular elements. The wave 
form of the unknown signal element is f, (é), and the 
magnitude factors of the individual rectangular ele- 


ments are the unknown quantities bj, be, . . . by. 
We have 
f 8 (t == (1) 
næ] 
The shape factor of the rectangular signal element is 
8 sin w/4s 
w/s 


and the discrimination factor obtained by looking at 
the sought signal element, as a signal, may be taken to 
be (С, — 7 Sn). The problem is now reduced to finding 
С„ and S, for all values of n from 0 to N/2, since with 
these values known the b’s are determined uniquely. 
Equation (1) may be arranged as follows: 


}.@) = 4з X (С,— 68.) 89/59. „ы (2) 


п==— СО 


The transfer admittance of any network may be 
represented by Y (w). In order to be more general, 
multiply Y (w) by е-*#®т; where т is an arbitrary con- 
stant, and is of the nature of a constant delay. Let 
Y (— w) = Y (w), where the bar denotes the conju- 
gate of Y (w). 
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The wave received over a circuit having this transfer 


admittance is: 


Si (t) = 4s > (Can = $ Sa) Sm eis Y (w) Q^ ior pinpt 


nes СО 


(3) 
(4) 


sin w/4s 
5, 


Let H (о) = Y (o) efor 


and rearrange terms 
(N/2)-1 с 
fi, = 48 У, > (Cos — $ Suas) X 
n=—N/2 g=—© 
H (4m s[q + n/N] ) е0: (5) 


It may be deduced from equations (7) and (8) of 
Appendix I, that 
C Nes ш t Senin = (— 1): (С, —7S,) (6) 
The receiving mechanism has been assumed to 
respond to the ordinate of the received wave at the 
middle of each time unit, (as representative of the signal 
for that unit), at which time 


T 
pt =- (2h— 1) (7) 
where k has values 1, 2,3 . . . N for successive time 
units. We note that 


еМ +n)pt = gi(aN-En) GÀ-D/N. — (— 1)e gitrnh-1/D (8) 
Substituting equations (6) and (8), in (5), gives: 
(N/2)-1 


f. (t) = 48 > (Cn — 1 Sp) eirn(h-1/ IN 


n=—N /2 


DH sla n/N]) 


q=— со 


(9) 


at the middle of the time units. 

If we put f.(t) = 1 for h = 1, and f. (t) = 0 for 
h = 2, 3, ete., then the received wave has the effect of 
a single dot standing by itself. 

Our next step is to solve the N equations, such as 
(9), for the N unknown values of (С, — 2 Sn), in order 
that we may be able to use the results in computing the 
sent wave. In a manner similar to that in Appendix 
II, multiply each of the simultaneous equations by 


m 2ark 
N 


(h — 1/2), and add all the equations: 


(N/2)-1 


eos T k/N =2s> (C,—7S8,) X 


пе № /2 


(тоташ и рот 
sin (n + k) т/№ 
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eos (k — n) т sin (k — n) v 


sin? (n + k) т 
sin (k — n) 1/N uk 


sin (n + k) v/N 


. sin? (k— n) v 


ET GUN UN) >) H (4 sig + n/N]) 


(10) 
as k approaches any integral value, m, from — N/2 to 
N /2 inclusive, the numerators in the middle factor of 
each of the terms of the summation of equation (10) 
approach zero. Consequently, the factors are zero 
excepting one whose n = + т and one whose 
n = — m, wherein certain denominators also approach 
zero, with the result that equation (10) reduces to 


cos c m/N = 28 (С. – i Sn) D H(4 r slg + n/N]) 


q=— со 


*2Ns(C..—iS.,) > H(Amsiq— n/N]). (11) 
When each of the N equations such as (9) is multi- 


2rk 


plied by sin 27 ( m i ), ККАЛ reason 


ing gives 


sin m m/N = i2 № (C, — d Sn) “У н (атг + n/N]) 


qe со 


—42Мв(С-„—48.ь) D H(4ms|g— n/N]) (12) 


q—— oo 


Multiplying (12) by 7, subtracting from (11), and 
putting m = n gives 
eos m n/N — isin T n/N 


-4Ns(C,— i Sa) > H (4r slg + n/N]) 


q=— 00 


(13) 


e—inax/N 


“C,-—78, = (14) 


со 


4Ns X H (Am slg + n/N) 


q=— © 


At the sending end, the height of the kth step, for 
any convenient value of ¢ during that time interval, is 
given by formula (2). Where the steps are rectangular, 
it is more convenient to use the formula 

N 2-1 


2тп 
b, = Cy + real рагі of 2> (C, — i Sa) oon Om 


n-—l 
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+ уә sin т (h = 1/2) А (15) 
Substituting from (14) and (4): 
1 1 
b, = ar (vin + real part of 
о PU aa +257) 
|: 
n=] 2:60 
тепти we У Ew sla + 2/N1) piasta 
> т [q + n/N} Í : 
а= — со 
(16) 


etx (h—1+2s7) 
onm cone | 
Y (4 T 8 [9 + 1/2] ) e i (457 +1) qx 
4 m $[q + 1/2] 


q=— o 


In using for-nula (16) for computing b», it will be 
understood that Y and s are the given quantities of the 
problem. The quantities N and 7 which occur in 
addition to Y and s require comment. In the first 
place, 7 is an arbitrary quantity and may be given, 
for instance, the value zero. By giving it, in succession, 
all the values between zero and 1/2 s an infinite number 
of distinct solutions are obtained. The solution which 
is preferable, from a practical standpoint, may be 
selected after computations are completed for a number 
of values of 7. As for N, it should be chosen large in 
proportion to the precision required. It should be an 
even number, and preferably not less than twice the 
number of steps to be used. 

The sum which occurs in the denominator is an 
infinite series, but it converges rapidly and in most 
practical cases it should be sufficient to use three or 
four terms. The function Y occurs with negative 
arguments in this expression. This does not imply 
negative frequencies but is merely to be taken as a 
convenient notation. The expression Y (—w) is merely 
to be interpreted as the conjugate of Y (w) where w is 
positive. 


Appendix ҮШ 


It is required to compute the mean power of a wave 
characterized by the shape factor, 


F (w) = 2,for0 < о < 27s, 

F (w) = /2,for о = 2 rs, 

F (w) = 0, ого > 2 тз. 
Such a wave is 


N/2 


А,/2 + > (A, cos npt + B, sin npt) . 


n=] 


(1) 


It will be sufficient to add the squares of the sinusoidal 
amplitudes divided by 2, to the square of the d-c. 
component. This gives for the mean power 
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N/2-1 
ASA + (US (Ae + moz) + A. (2) 
n=l 
Since 
A, =2C,, forn < N/2, 
Бу. 2253 forn < N/2, 
Byye = J2 Suo; 
the power is: 
(N/2)-1 
Съ +2 > (С + 8) + 8%. (3) 
п=1 | 
Now 
N N 
C2 = >) b аһ QA; COS aan x 
h=1 д=1 
(h— 1/2) cos ŽE% (q— 1/9), (4) 
N N 
S2, = A У, Q4 Q, sin 2тп 
А=1 gq=l 
(h= 1/2) sin 27 (g— 1/2). (5) 
Adding | 
М N 
С?„ + 8, = XA > аһ Gg COS та (А — q). 
hml quel (6) 


Substituting equation (6) in (3) and remembering that 
Сх; and S, are identically equal to zero, the total 
power becomes: 


(N/2)-1 


N N 
AN D na (14+2 > ов aan (А — 9) 


h=1 q=l 


nzl 


+ созт (h— q) ) 


N N (N/2)-1 
= E: 2 2м Dove t (h — a) 
N/2 | 
+ cos T à - 9 | 
n= 


ад T , 
um! cos —— (h—q) sin т (h—q) 
"T2 es A ruga. 


(7) 
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The expression in parenthesis is equal to zero unless 
h = а, in which case it equals N. Hence the power 
is: 


N 


a Mas. 


k=l 


(8) 


Appendix IX 


The Fourier Integral. Up to the present the Fourier 
series theorem has been used in the analysis to the 
exclusion of the Fourier integral theorem which is 
closely related to it, and it seems desirable to give a 
brief discussion of the Fourier integral at this point. 
In order to keep the discussion brief it will be necessary 
to make it sketchy and incomplete in respect to details. 
The complex notation will be used because of its 
compactness. 


The Fourier integral theorem states that 


со 


+ с 
f(t) = A f au f fO cosu a- X) dd, (1) 
0 


— со 


regardless of the form of the function f (t), provided it 
meets certain requirements. The requirement which 
is of importance in telegraph theory is that 


+ co 


| f (t) | dt = a finite number. (2) 


— со 


The quantity wis so far a mathematical quantity which 
serves only as a variable under the integral sign, in the 
same sense that \ does. In studying the integrand it 
will be assumed that u is identical with the quantity w 
which occurs in expressions for impedances and admit- 
tances. With this assumption the theorem expressed 
by equation (1) can be written, in complex notation: 


+ с 

I(t) = = IE (w) fd c, (3) 
ta 

J (w) = -1- IE (t) ese dt. (4) 


I(t) expresses the wave as a function of time and J (w) 
expresses it as a spectrum or a function of frequency. 

For comparison we will now write down the Fourier 
series theorem in an analogous form: 


To 
I(t) = i- У K(w)ewao, (5) 
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I (t) ee dt. 


—T/ÀQ 

where w takes the values 0, + A w, + 2 A c, etc., and 
Aw is 2 T times the reciprocal of the fundamental 
period of the series. It will be apparent that there is a 
close, formal similarity between equations (3) and (4) 
on the one hand, and equations (5) and (6) on the other. 

Now let the wave I (t) represent an arbitrary tele- 
graph signal made up of N signal elements. Formulas 
(4) and (6) give alternative ways for expressing the 
wave spectrally. The latter represents the wave as a 
series of discrete frequency components; the former 
represents it as a continuous spectrum. Both repre- 
sentations are exact when properly interpreted, al- 
though they differ in form; for when substituted in 
formulas (5) and (3) respectively they yield the original 
wave precisely. Both representations are limited to a 
finite number of signal elements,—the series because 
its period must be finite, and the integral because of 
equation (2). | 

While these analyses are true for any succession of N 
signal elements which may be selected, their utility 
depends upon severe restrictions on the signal elements 
which precede and follow the signal under analysis. 
To be of value in circuit theory the series demands that 
the succeeding and preceding elements consist of an 
indefinitely great number of repetitions of the signal 
under analysis. Similarly, the integral depends for 
its utility on the assumption that it is followed and suc- 
ceeded by infinite sequences of elements having the 
magnitude zero. "These restrictions are normally not 
serious because there is no limitation on N other than 
that it should be finite. In addition to being equally 
exact, the two methods then appear to be substantially 
equally general (or restricted) in respect to the com- 
plexity of telegraph signals which they are capable of 
representing. 

As might be surmised, most of the results obtained in 
the paper follow from either method of treatment. 


K (w) = —1- (6) 


_First, if the d-c. wave is analyzed by the integral method 


it will be found that J (w) separates into two factors, a 
discrimination factor and a shape factor. The dis- 
crimination factor has the property of falling into 
equivalent bands, each of width equal to the speed of 
signaling. From this it is concluded that the neces- 
sary frequency range does not exceed the speed of 
signaling. The various ideal form factors corresponding 
to various criteria follow with somewhat greater 
difficulty. Whereas the series treatment led to a 
system of linear algebraic solutions, the integral treat- 
ment leads to a system of integral equations. 

The only outstanding difficulty with the integral 
analysis appears in connection with establishing the 
fact that the minimum frequency band equals the speed 
of signaling. In other words, while it is easy to show 
that the information contained in one frequency band 
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of width (s) is sufficient for the transmission of intel- 
ligence, it is difficult to show that it is also necessary. 
On the series analysis as used in the paper, this result 
followed very easily from the well-known principle that 
the number of unknowns which can be found does not 
exceed the number of given equations. When the 
frequency components are not discrete but form a 
continuous spectrum no such simple argument appears 
to be available. A somewhat full discussion will be 
given. 

On considering the matter it is apparent that the 
difficulty arises from the lack of a precise formulation 
of what is meant by transmitting intelligence. No 
formal criterion was necessary in the case of the 
Fourier series treatment, but it will be necessary to 
formulate one to make satisfactory progress with the 
integral treatment. Stated in general terms the 
requirement of the received wave is that it should be 
possible to make measurements on it extending over a 
finite interval, and from these measurements (together 
with the known properties of the admittance) to 
determine the sent wave. More specifically, it should 
be possible to express the magnitude factors of the sent 
wave as a linear sum (or integral) of the measured 
values of the received wave. If the sent and received 
waves are expressed as functions of w, and the compu- 
tations modified accordingly, it is obvious that the 
operations can be carried out on the sent wave in which 
case the received wave will be non-distorting. Wemay 
then lay down as a criterion for a telegraph system’s 
ability to transmit intelligence, that it should be pos- 
sible to shape the sent signals so as to make the received 
wave non-distorting. In the remainder of the appen- 
dix this criterion will be used. It will be apparent 
that the introduction of this criterion constitutes, in a 
sense, a fresh start. 

Taking for the criterion of a non-distorting wave that 
it should have correct magnitude at the central point 
of the time unit, and limiting the discussion to the case 
where the frequency is limited to the range 0 — s, the 
shape factor of the received wave is uniquely deter- 
mined and is 2 throughout that range. 
factor of the transmitted wave is 2/Y and the wave 
form at the sending end is 
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4-278 


f. (t) -{ 


—2TS 


20° dw 


Y (0) (7) 


If 1/Y is finite throughout this range, this integral has 


a definite value. If Y has a simple zero at w = wa the 
integral may be written 
+278 
| 2 g(9-en g (y 
fa (0) = e" (8) 


Y (w) 


—2TS 


The first derivative with respect to t of the definite 
integral may now be evaluated. The derivative is 
determinate and by integrating it with respect to t a 
suitable value for f (t) may be obtained. 

If Y has a finite number of simple zeros, the function 
1/Y may be broken up into a number of terms each of 
which has not more than one simple zero; and the 
individual terms can be treated as above. 

When the function Y has double zeros, or zeros of 
any finite order of multiplicity, suitable values of the 
function f (t) can be found by an extension of the same 
method. 

The significant results for a simple case will now be 
stated. Suppose that the transfer admittance has a 
simple zero at the origin (as in telegraphing through a 
transformer); the sent wave, which gives a distortionless — 
received wave, does not approach zero as ¢ approaches 
+ o but approaches a constant a. If the zero at the 
origin is double (telegraphing through a high-pass 
filter, made up of one series condenser and one shunted 
coil) the sent wave should approach the value Ь{ as t 
approaches o. Fora triple zero the corresponding 
asymptotic value is of the form c #, etc. It is obvious 
that as the multiplicity of the zero increases the func- 
tion representing the sent wave rapidly becomes more 
and more unmanageable. Now, if Y becomes zero 
throughout a finite interval at the origin, we may think 
of it as having a zero of an infinite order of mul- 
tiplicity. It is to be expected then that there should 
be no finite function capable of satisfying the 
requirements. 
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Automatic Control of Edison Systems 


As Applied in the St. Charles Street Substation of the Union 
Electric Light and Power Gompany 


BY O. J. ROTTY* 


Associate, A. I. E. E. 


Synopsix.—A brief description of the Edison System at St. 
Louis is given, and power supply, service restoration, and system 
balance are discussed. The history of the application of automatic 
control equipment to the system and a brief résumé of operating 
experiences are also given. 

The relation of the St. Charles St. Substation to the remainder of 
the system is pointed out and certain features of its design explained. 
The scheme of loading the machines and the method of load shifting 
between machines is given in detail, and a table is given to show the 


INTRODUCTION 


DISON 4-с. systems in large cities have been the 
result of natural growth and in many cases have 
reached such a size that their replacement would 

be a tremendous undertaking even though a careful 
study might indicate that such a step might be desirable 
from an engineering standpoint. Since the operation 
of Edison systems is a big problem to many companies, 
it was felt that a description of the manner of revamping 
the Edison system in St. Louis and the results obtained 
would be of interest. In revamping this system 
the use of automatically controlled machines was 
thoroughly studied and tried out. In this paper par- 
ticular emphasis is given to the application of auto- 


matic control to the St. Charles Street Substation, 


Fig. 1, which is the largest Edison station and repre- 
sents.the latest design of equipments. 


THE EDISON SYSTEM 


The 250-volt Edison district of the Union Electric 
Light and Power Company covers an area approxi- 
mately one mile wide by 134 mi. long and at present 
attains a peak load of approximately 32,000 kw. 
The district is supplied from eight substations located 
as shown on Fig. 2. 

The a-c. power supply to the stations is derived from 
two separate and distinct systems, the system supplying 
each station being given in Table I. Five of the 
stations are supplied at 60 cycles and three at 25 cycles 
with approximately 50 per cent of the total capacity 
at each frequency. The 25-cycle power is generated 
at the Keokuk hydroelectric plant and at the Ashley 
St. steam plant. The 60-cycle power is supplied by the 
Cahokia and Ashley St. steam plants. In other words, 
the Edison stations receive power at two frequencies 
and from two plants at each frequency, so that trouble 
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‘*set-up” for any load. The distinctive features of the various types 
of machines at this station are discussed, particular attention being 
given to the control of the converter with transformer taps and high- 
voltage revolving field booster. The scheme of automatically changing 
taps under load is described fully. А brief summary of the protec- 
tive features on this machine is also given. 

The operating experience with the automatic equipment al the 
St. Charles St. Station is related. 


ж ж ж Ж ож 


оп either system or at any plant will only partly affect 
the Edison load. 

No stand-by batteries are maintained on the 250- 
volt Edison system, the last ones having been dis- 
connected from the system about four years ago. 
Although this type of load demands a high degree of 
service continuity, it was felt that the improved re- 
liability of the a-c. supply, together with the use of 
automatic control equipment for service restoration, 
made the batteries unnecessary. Motor-generator sets 
are relied upon for service restoration, all of them 
having stable operation at all voltages and all are 
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a-c., starting with the exception of two of the manual 
motor-generators at Twentieth Street. The rotary- 
converters are capable of operation through a consider- 
able range of d-c. voltage and all are a-c. starting. The 
three 9000-ampere, 60-cycle converters have a lower: 
limit at 50 per cent voltage while the others have lower 
limits varying from 60 to 90 per cent. 

It will be noted from Table I, that somewhat in excess 


of 50 per cent of the capacity is in motor-generators. 


This means that in the event of a complete Edison 
system outage, the motor-generators will “come in" 
first and will be of sufficient capacity to raise the voltage 
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to something above 50 per cent. At this point the 
first converters will “соте in” and further raise the 
voltage, being followed by the other converters as the 
system reaches their lower operating limit. As added 
insurance that the motor-generators will produce 
enough voltage for the converters to “come in,” 


STREET 


COMMERCIAL 
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2—OvuTLINE or бт. Louis Epison DISTRICT SHOWING 
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This district is about 134 by 1 mi. in area. 
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should some machines be out of service, most of the 
motor-generators have an emergency capacity of 120 
per cent load for a limited period during times of low 
voltage. 
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balanced, the voltage between the highest side and the 
neutral will not greatly exceed one-half of the normal 
maximum across it, the total voltage being whatever 
it may. 


AUTOMATIC DEVELOPMENT 


The company's first automatically operated d-c. 
machine was installed in 1922 at the Twelfth Boulevard 
Substation. 'The automatie features were considered 
somewhat of an experiment by the operating engineers 
but their installation was felt to be justified as the 
station was very close, electrieally, to the St. Charles 
Street Substation and as it was located in the basement 
of the company's office building, it was possible to 
give it close observation. 

Many difficulties were encountered in putting the 
equipment into service initially, but they were princi- 
pally unforeseen operating problems or troubles with . 
individual devices and not faults of the fundamental 
scheme of control. In practically every case, these 
difficulties were remedied by making certain alterations 
or additions either to details of the general scheme or to 
some particular device. During several system dis- 
turbances, the automatic control gave a good account of 
itself and functioned exactly as intended. It was 


TABLE I 
SUBSTATION DATA 
Apparatus 
Motor-gen. Converter Station Station load 
———————— —— total at time of 
Substation Capacity Capacity capacity system peak 
— — Supply d-c. d-c. d-c. 12-22-26 
Name No. | frequency | Control No. amperes No amperes amperes d-c. amperes 
UCAS А теъ as e ee bee жб а 1 60 Auto 1 7,500 1 9,000 16,500 16,400 
МУ АНА ЖУКТОЛОТ es CREAR 2 60 Auto 1 7,200 1 9,000 16,200 16,200 
Twelfth ВЇ1уа............................... 13 60 Auto 1 7,200 7,200 6,800 
Railway Ехсһарве.......................... 18 60 Auto 1 15,000 15,000 14,800 
ЕЗЕП St. wv x E xU жале teu ЛӨ 60 Auto 1 7,500 1 9,000 16,500 14,700 
Total 60 сусіе......................... 44,400 27,000 71,400 68,900 
St. Charles’ 8%.............................. 3 25 Auto 2 14,400 2 16,400 30,800 30,100 
Twentieth 8%............................... 4 25 Auto. 1 7,200 
rs 3 | 12,000 1 9,000 ) 25,200 22/09 
Boatmen's ВапК............................ 10 25 Man 2 16,000 16,000 7,500 
Total 25 Cycle- esnan ew Ra ee eS 33,600 41,400 75,000 60,300 
Total Edison ВУНЬ RN CUR I tcu d Re 78,000 68,400 146,400 129,200 


NoTE. All current values at 250 volts. 


The system neutral is supplied by the rotary con- 
verters, the motor-generators being two-wire machines 
in every case. The converters are fairly well distributed 
over the system and a sufficient number are kept 
running during the night to properly maintain the 
neutral. However, to protect against destructive 
voltages on one side of the system, due possibly to a 
shortage of three-wire machines at times of trouble, 
the motor-generators are provided with relays to pre- 
vent more than 55 per cent of normal voltage between 
either side of the system and neutral. In other words, 
the control is arranged so that with the system un- 


apparent that automatic control was a practical thing 
and well worth further application. 

In 1928 another 1800 kw. motor-generator, auto- 
matically operated, was purchased and installed at the 
Walnut St. Station. This station was then manually 
operated and the automatic machine was intended to 
relieve the off peak shift of operators, as well as to re- 
place certain depreciated machines. 

The scheme of control was somewhat different бош 
the Twelfth Boulevard Station and included some pre- 
viously untried device applications. Again many 
difficulties arose but in most cases the remedies were 
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comparatively simple. It was felt that cooperation 
between the manufacturer and the operating company 
had solved many problems and that further ex- 
perience and cooperation would result in additional 
improvements. 


The third installation was made in 1924 and was a 
3750-kw. motor-generator set installed in the very 
heart of the Edison load at a new station known as the 
Railway Exchange Substation. This was a three-unit 
set, one motor driving two generators in parallel with 
provisions for balancing the load on the generators. 
At that time it was reputed to be the largest auto- 
matically-controlled motor-generator set in Edison 
service. 

At this time almost every case of trouble had its 
lesson, for it usually indicated a weak point in a par- 
ticular scheme or device or a peculiar operating con- 
dition which had not been foreseen. A case of trouble 
on one automatic equipment usually meant the pos- 
sibility of the same thing occurring on the others and 
consequently the remedy had to be applied to all. 


The hext addition was at the Eighth Street Sub- 
station. This was a new station in which was installed 
a 2250-kw. rotary converter and an 1875-kw. motor- 
generator set operating in parallel on both the a-c. 
and 4-с. sides. The scheme of automatically operating 
machines of these characteristics in parallel was entirely 
new and several problems arose on that account. 

Immediately after the Eighth Street installation was 
made, a duplicate 2250-kw. converter was installed at 
the Walnut St. Substation and interlocked so as to 
operate in parallel with the motor generator set in- 
stalled there in 1923. This released all operators from 
Walnut St. and made the station fully automatic. 

By the middle of 1925 all of the machines had had 
opportunities to perform on service restoration under 
various conditions. On almost every occasion they 
functioned properly and were carrying the load before 
the manual stations. Although troubles were still 
occurring, they were generally of a minor nature and 
most of them were being detected during regular 
inspections and before damage resulted. It was felt 
that the practicability of automatically controlled 
machines on a large system had been definitely proved. 


THE ST. CHARLES STREET SUBSTATION 


The St. Charles Street Substation has always been 
the largest Edison station and being very close to the 
load center, it has always been considered a base load 
station. Its d-c. feeders interlace with those of five 
other stations and it can affect more of the system 
than any other station. In 1925 all of the manual 
machines at St. Charles Street were, with one exception, 
reaching the end of their life and it was necessary that 
they be replaced. There was no question of whether 
the new machines should be manually or automatically 


controlled for aside from the apparent saving in operat- 
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ing expenses, the experience with automatic substations 
had demonstrated their ability to withstand system 
disturbances, their greater speed in service restoration, 
and their superior voltage regulation. 

In planning the station it was found that no ad- 
ditional load was to be provided for at this time, the 
station capacity remaining at approximately 7500 kw. 
In accordance with the practise of having half the 
capacity in motor generators and half in converters, 
there were to be installed about 3750 kw. in each type 
of machine. Two 1800-kw. motor-generators were 
decided upon, as they matched the sizes of others in 
service and were standard with the manufacturers. 
It was felt that the condition of the 2000-kw. booster 
converter already in the station, although 8 years old, 
warranted the expense of automatic control. This 
left about 1900 kw. for new converter capacity. A 
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Fig. 3—OnNrE-LiNEÉ DIAGRAM or St. CHARLES St. SUBSTATION 


2250-kw. converter was selected, it being a standard 
size and of the same capacity as others in service. 

Fig. 3 shows a one-line diagram of the station. It 
will be noted that power is received at 6600 volts, 25 
cycles, over five underground feeders. The a-c. 
structure is insulated for 13,200 volts and all machines 
are provided for reconnection to that voltage, in order 
that the station can be changed over to the higher volt- 
age at some future time with a minimum amount of 
work. The outgoing feeders are of 1,500,000 cm. and 
2,000,000 cm. cross-section, about one-third being of 
the larger size. 

The ventilating equipment is probably of interest 
There are two blowers, each rated at 57,000 cu. ft. 
per min. at 816 in. pressure and driven by 50-hp. a-c 
motors. One blower is ''preferred" and runs when 
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ever any machine is running while the second “comes 
on" when the general station air or the discharge air 
reach certain predetermined temperatures. A throw- 
over switch is provided to make either blower ‘‘pre- 
ferred,” the other operating on temperature. 

The flow of air through the station is opposite to 
natural circulation. The air enters the station from a 
shaft through the roof and is drawn into the machines 
which have their end bells left off. The machines dis- 
charge into the basement beneath them from which 
point the blowers draw the air to discharge it through 
a stack in a corner of the station. This results in the 
general station being in the “intake” and at a slight 
vacuum so that any leakage around doors or windows 
will let cool air enter the station rather than cause air 
to be wasted, as is the case in systems where the general 
station is under pressure. This also results in more 


` bearable summer temperatures than in systems where 


the machines discharge directly into the general station. 

The automatic control equipment for the station 
contains a number of features which are unique and 
new in this installation and will, for this reason, be of 
particular interest. Some of these schemes of control 
were made necessary by the peculiar problems met 
with in the design of this station such as the use of a 
comparatively large number of automatically controlled 
machines, the use of a rotary converter with a new 
type of control for picking up the bus at low voltages, 
and the necessity for unusually close voltage regulation 
due to the heavy net-work and load in the area sur- 
rounding the station. Other features are new develop- 
ments in the art and will probably find further use in 
other installations. In so far as possible, this descrip- 
tion will be confined to those features believed to be of 
particular interest and omitting such as have previously 
been described in the technical press. 

The scheme of load division between machines of 
different characteristics operating in parallel, as em- 
ployed at this station, was conceived and originally 
applied at the Eighth Street Substation by the com- 
pany’s operating engineers. The application in this 
case was simply an extension of the original scheme. 


STARTING, STOPPING AND LOADING SEQUENCE 


The entire sequence of operations with operating 
values is outlined in Table II. During normal light- 
load conditions the tap changing booster-type rotary 
converter, machine No. 8, supplies the entire station 
load. The station voltage is regulated by variation 
of the motor-operated booster field rheostat in response 
to the voltage regulating relay No. 58. "This voltage 
regulating relay is controlled by potential from a pres- 
sure wire bus so that it tends to hold the net-work 
potential constant within its area. "The bus voltage 
therefore varies in accordance with load conditions. 

When the load on converter No. 8 reaches 95 per 
cent of full load, the load-responsive-starting relay No. 
1A on No. 8 machine operates through a time-delay 
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TABLE II 
LOADING SEQUENCE CHART 
Load on machine 
— — -|m | _—_- Total load 
No. 8 [No. 12|No. 11] No. 7 | on station Operating condition 
1000 0 0 0 1,000 Minimum load 
Load increases 
8400 0 0 0 8,400 No. 8 gives signal to start 
No. 12 
7000 | 1400 0 0 8,400 After No. 12 is on 
Load increases 
7000 | 6300 0 0 13,300 Before No. 12 recalibrates 
No. 8 
9000 | 4300 0 0 13,300 After No. 12 recalibrates 
No.8 
9000 | 6800 0 0 15,800 No. 12 gives signal to start 
No. 11 
9000 | 5200 | 1600 0 15,800 After No. 11ison 
Load increases 
9000 | 5200 | 6300 0 20,500 Before No. 11 recalibrates 
No. 12 
9000 | 7200 | 4300 0 20,500 After No. 11 recalibrates 
No. 12 
Load increases 
9000 | 7200 | 6800 0 23,000 No. 11 gives signal to start 
No. 7 
9000 | 5200 | 1400 | 7400 23,000 *After No. 7 is on 
Load increases 
9000 | 5200 | 6300 | 7400 27,900 Before No. 11 recalibrates 
No. 12 
9000 | 7200 | 4300 | 7400 27,900 After No. 11 recalibrates 
| No. 12 
Load increases 
9000 | 7200 | 7200 | 7400 30,800 Maximum load 
Load decreases 
9000 | 7200 | 3000 | 7400 26,600 Before No. 11 decalibrates 
No. 12 
9000 | 5200 | 5000 | 7400 26,600 After No. 11 decalibrates 
No. 12 
Load decreases 
9000 | 5200 | 1000 | 7400 22,600 *No. 11 gives signal to shut 
down No. 7 
9000 | 7200 | 5400 | 1000 22,600 No. 7 reduces load, prepara- 
tory to timing off 
9000 | 7200 | 6400 0 22,600 After No. 7 is off 
Load decreases 
9000 | 7200 | 3000 0 19,200 Before No. 11 decalibrates 
No. 12 
9000 | 5200 | 5000 0 19,200 After No. 11 decalibrates No. 
12 
Load decreases 
9000 | 5200 | 1000 0 15,200 No. 11 gets signal to shut 
down 
9000 | 6200 0 0 15,200 After No. 11 is off 
Load decreases 
9000 | 3000 0 0 12,000 Before No. 12 decalibrates 
No. 8 
7000 | 5000 0 0 12,000 After No. 12 decalibrates 
No. 8 
Load decreases 
7000 | 1000 0 0 8,000 No. 12 gets signal to shut 
down 
8000 0 0 0 8,000 After No. 12 is off 
Load decreases 
1000 0 0 0 1,000 Minimum load 


NoTE: Allloads are in amperes at 250 volts. 
*Loads given are with maximum load on No. 7 and represent the worst 
possible distribution of load. 


starting relay to bring onto the bus the second machine 
in the sequence, No. 12 motor-generator set. Since 
the current-regulating relays, No. 57, are set to limit 
the load on the converter to 100 per cent of full load, 
it can be seen that the lower setting on the starting 
relay permits bringing the second machine on before 
the system voltage commences to fall. 

When machine No. 12 closes its d-c. breakers, it 
takes the voltage control away from converter No. 8 
and assumes load. "The converter voltage is then con- 
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trolled by its current regulating relays No. 57. With 
no increase of station load, motor-generator No. 12 
would pick up a relatively small load which would not 
be sufficient to keep it on. To prevent this its current 
limit recalibrating relay, No. 95, is arranged to decali- 
brate the current regulating relays on converter No. 8. 
This causes the rotary converter to reduce its load 
approximately 2000 amperes, or 25 per cent. This 
load, together with additional load which may come 
on, is picked up by motor-generator No. 12 until 
at 6800 amperes, its current limit recalibrating relay 
picks up to recalibrate the current regulating relays 
on converter No. 8 again. The converter then carries 
100 per cent load and No. 12 motor-generator continues 
to absorb the oncoming load until it reaches 95 per 
cent of full load. 


At this point, the load responsive starting relay 
No. 1A on No. 12 motor-generator functions to start 
the third machine in the sequence, No. 11, after a time 
delay. As soon as motor-generator No. 11 gets on the 
bus, it assumes control of station voltage and takes this 
control away from machine No. 12. Thus, rotary 
converter No. 8 and motor-generator No. 12 are being 
controlled by their respective current regulating relays 
and motor-generator No. 11 has its voltage controlled 
by voltage regulating relay No. 58. To insure that 
No. 11 machine will pick up enough load to stay on, its 
current limit recalibrating relay, No. 95, functions to 
decalibrate the current regulating relay on No. 12 
machine by approximately 2000 amperes or 25 per 
cent. As the load.builds up further, No. 12 machine 
is again permitted to assume full load as limited by its 
current regulating relay. 

When the load on No. 11 machine exceeds 95 per 
cent of full value, its load responsive starting relay, 
No. 1A, causes rotary converter No. 7 to be started 
after the expiration of a short time delay. This 
machine is not paralleled with the others in the station 
but, instead, feeds the network through a separate 
group of feeders on a section of the main bus. "This 
section is automatieally split off by opening of the bus 
tie breakers when the converter is closed onto the bus. 

With No. 7 converter on, voltage control is left 
with No. 11 machine as before and the voltage balancing 
relay No. 60 of converter No. 7 balances the voltage 
of its section of bus against that of the main bus and 
holds the voltage approximately two volts higher than 
the main bus. This results in converter No. 7 taking 
a little more than its share of the load and insures its 
taking enough load to stay on. 

If for any reason the average feeder end voltage 
should become more than two volts low, the voltage 
regulating relay, No. 58 on No. 7 converter, will take 
control away from No. 60 balancing relay and will 
maintain, within the limit of No. 7 machine capacity, 
theaveragefeederend voltageattwo volts below normal. 
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With decreasing load the machines are shut down 
in the reverse order from coming on. Machine No. 11 
will reach its light load point before converter No. 7 
and is arranged to give No. 7 the signal to shut down. | 
No. 7 first closes the bus tie breakers and then reduces 
its load down to the setting of its own light load relays, 
that load being assumed by machines No. 11 and No. 12. 
Converter No. 7 then “‘times off" in the usual manner. 

Further reduction of load shuts down machine No. 11 
and still further reduction shuts down machine No. 12. 
Rotary converter No. 8 is not arranged with load- 
responsive starting and stopping since it is required on 
the bus at all times to maintain the net-work voltage 
and the system neutral at this point. 


Provision is also made for starting the next machine 
in the sequence if the last machine called for by the load 
is held off by protective devices or manual control 
switches. The next machine then does whatever the 
disabled machine would have done in the way of load 
shifting and voltage control. 


In coming back on the bus after a system outage, it 
is not permissible to allow converter No. 8 to be con- 
nected to the bus below 140 volts which is its lowest 
regulating point. In this case the bus undervoltage 
relay, although permitting No.8 machine to complete 
its starting sequence to the point where it is ready to be 
connected to the bus, functions to start both motor- 
generator sets as fast as power supply conditions 
permit. As soon as the motor-generators, together 
with other stations, have raised the bus voltage to 140 
volts or more, rotary converter No. 8 is connected to 
the bus and boosts the system voltage to the limit of 
its ability. At approximately 210 volts converter No. 
7 will also be brought on the bus. This should raise 
the net-work voltage to approximately normal pro- 
vided the other units on the system have started 
properly. 

By ineans of pilot-wire remote-control, the system 
load dispatcher at Twelfth and Locust Streets may 
start or stop any machine. Since he has an indication 
of the load being carried by each machine and average 
feeder end voltage, this feature is of great value. It 
permits him to adjust, within limits, the Edison net- 
work load between the 25-cycle and 60-cycle systems 
in accordance with general system conditions. 


MOTOR-GENERATORS 


Except for the load-responsive starting, and voltage 
and load-regulating schemes described above, the con- 
trol for both motor-generator sets is similar to instal- 
lations previously described before the Institute. 
The synchronous motors are started by throwing onto 
thelinethrough reactors, the reactors being shunted out 
when the machines have reached approximately 
synchronous speed. The field is applied at the time 
of transfer and upon equalizing the bus and machine 
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voltages, load is applied to the d-c. generators. The 
sets are of the differential compound type, normally 
operated. with the series field shunted by an auto- 
matically controlled circuit breaker. The control is 
arranged and the sets are suitable for re-synchroniz- 
ing under load in the event of a temporary power 
interruption. 


CONVERTER No. 7 


The booster-type synchronous converter No. 7 
is arranged for Y-delta, starting by oil circuit 
breakers on the high-voltage side of the transformer. 
Correct polarity is established by temporary reversal 
of the field. This machine is connected to the bus 
through cushioning resistors which are arranged to 
give two-step operation. When the voltage of No. 7 
machine and the station bus have been properly 
equalized the resistor breakers No. 78 are closed. 
After a short time delay, line breaker No. 72 positive is 
closed and after a further time delay, No. 72 negative is 
also closed. Thus only one step of resistance is shunted 
at а time. The closing of No. 72 negative is followed 
immediately by the closing of the neutral breaker No. 
71 and the opening of the bus tie breakers No. 24. 
This sequence, in addition to giving two-step resistor 
operation, prevents lowering of the net-work voltage 
at the ends of the feeders connected to this section of 
the bus and allows ample time for the converter voltage 
to be adjusted properly. | 


^ CONVERTER No. 8 


Synchronous converter No. 8 is a shunt-wound, 
2200-kw., three-wire machine with high-voltage, 
revolving-field booster; the scheme of connections being 
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shown in Fig. 4. The converter has the customary 
series and shunt commutating fields. The booster is 
provided with a double armature winding so connected 
that with a given direction of excitation on the field, 
the voltage of one winding will be in the “boost,” and 
the other in the “buck” direction. The winding in use 
under any particular condition will depend upon the 
position of the tap switches. "The high-voltage neutral 


ROTTY AND HOUGH: AUTOMATIC CONTROL OF EDISON SYSTEMS Transactions A. I. E. E. 


is formed at the common point of the booster windings. 
The transformer is of the air-blast type and is provided 
with an extended winding having four ten per cent taps. 
Connections between the transformer taps and the 


Ега. 5—CoNwTRoL Boarp ron No. 11 AND No. 8 MACHINES, 
BLowrens, INcOmMING FEEDERS AND Common MACHINE 
. CONTROL 


booster windings are made by means of tap switches 
which are triple-pole oil circuit breakers. 

The control boards for machines No. 8 and No. 11 
are shown in Fig. 5. | 


The control scheme used ‘on converter No. 8 is in 
many respects new and novel and for this reason a rather 
full description will be given. 


If we assume system conditions to be normal with 
bus voltage at normal value and machine No. 8 to be 
held off by the opening of master switch No. 5 the 
starting operation will be initiated by the closing of this 
switch which acts to energize the time-delay starting 
relay. After the expiration of the time interval for 
which this relay is set, the master contactor No. 4 will 
be closed provided line and machine conditions are 
proper as indicated by the protective devices. The 
oil circuit breaker closes immediately to energize the 
converter transformer and the motor-driven sequence 
switch No. 34 starts to revolve. This permits No 42A 
tap switch to close thereby closing the Y of the trans- 
former through the booster windings and impressing 
half voltage on the converter. 


While the converter is coming up to speed No. 34 
sequence switch is stopped but restarts when synchro- 
nous speed is reached, as indicated by synchronous 
speed relay No. 18. This permits field-flashing con- 
tactor No. 31 to close and energize the field from a small 
motor-generator set to properly polarize the converter. 
When correct polarity has been established as indicated 
by field-changing relay No. 98, the field flashing con- 
tactor is opened and the shunt field contactor No. 41 
is closed to make the converter self-excited. 

When full field is reached as indicated by field relay 
No. 40 further movement of No. 34 sequence switch is 
permitted which opens the low-voltage tap switch 
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No. 42A and closes the highest-voltage tap switch 
No. 42D. The booster field is then applied by the 
closing of the booster field contactor, No. 41C, and the 
auxiliary commutating field is excited by the closing of 
auxiliary commutating field contactor, No. 41A. 

The voltage of the converter is then equalized with 
the bus voltage by the operation of voltage equalizing 
relay, No. 91, which has control of the booster field 
rheostat at this time. When the voltages are properly 
equalized, voltage balance relay No. 60 permits the 
load limiting resistor breakers, No. 78, to close. The 
closing of No. 73 breakers is followed immediately by 
the closing of the line breakers, No. 72. Upon the 
closure of circuit breakers, No. 78, the control of the 
motor-operated booster field rheostat, No. 70, is given 
to the voltage and current regulating relays. These 
relays operate to hold the voltage of No. 8 machine 
within 114 volts of normal value on the pressure wire 
bus until the converter is loaded to approximately 
8700 amperes. At this point the current regulating 
relays No. 57 take control and hold the current on this 
machine at an average value of 9000 amperes. 


TAP CHANGING 


When voltage reduction is necessary, the booster 
rheostat is run in the “buck” direction. When maxi- 
mum buck is reached as indicated by limit switches on 
the booster rheostat and relay No. 60A, which balances 
the booster voltage with a-c. line voltage, a circuit is 
made to close tap switch No. 42C. It will be noted 
from the diagram, Fig. 4, that this connects the two 
ends of the booster across high-voltage taps on the 
transformer. As soon as No. 42C closes, No. 42D 
is opened and the converter is operating on the second 
transformer tap with the booster field rheostat in the 
maximum boost position. The transition from buck 
to boost is accomplished by the use of a double winding 
in the booster. When the tap change is made a shunt 
field contactor No. 41D is closed to shunt a section of 
the resistance in the shunt field of the converter in 
order to increase the shunt field current sufficiently 
to correct for the change from buck to boost on the 
booster with the attendant change from generator to 
motor action on the converter. This action is simul- 
taneous with the reversal of the auxiliary commutating 
field of the converter. 'lhese operations tend to raise 
the voltage of the converter slightly so that the booster 
rheostat tends to run out of the maximum boost position 
due to the action of the current regulating relays. 
This prevents "pumping" of the transfer equipment 
at the tap point. 

If further voltage reduction is necessary, the booster 
rheostat moves out of the boost position and finally 
reaches approximately maximum buck. At this point, 
as indicated by rheostat position and No. 60A relay, 
tap switch No. 42B is closed and No. 42C opened to 
connect the converter to the next lower tap. The 
reversal of the booster, the reversal of the auxiliary 
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commutating field, the action of shunt field contactor 
No. 41D and the backing off of the booster rheostat 
are accomplished in identically the same manner as 
previously described. | 

The necessity for further voltage reduction will 
force the converter to the lowest tap by an operating 
sequence similar to that above which closes tap switch 
No. 42A and opens No. 42B. Demand for still lower 
voltage will force the booster rheostat into the maximum 
buck position and if this is not sufficient to reduce the 
load on the converter to a proper value the station 
d-c. undervoltage relay, No. 80A, will function to dis- 
connect the machine from the bus. The converter 
will continue to run, in readiness to again assume load 
as soon as voltage conditions permit. 

When the bus voltage rises above the setting of 
undervoltage relay No. 80A this relay will function to 
again connect the converter to the bus. The current 
regulating relays, which have control until the bus 
voltage is normal, which will be with tap switch No. 
42D closed, function to run the booster rheostat to the 
maximum boost position. At this point, as indicated 
by rheostat position and booster voltage relay No. 60A, 
tap switch No. 42B will be closed and No. 42A opened. 
Simultaneously the auxiliary commutating field on 
the converter is reversed and shunt field contactor No. 
41D is dropped out to insert resistance in the shunt 
field to again compensate the converter for the booster 
change, this time from boost to buck rather than from 
buck to boost as previously described. This com- 
pensation is sufficient to lower the converter voltage 
slightly and thereby cause the booster rheostat to run 
toward the boost position which, it will be noted, is 
the reverse of the condition when “tapping down.” 
Further decrease of converter load or increase of bus 
voltage will cause the tap changing equipment to 
“tap up” until the highest tap is reached, each tap 
change following the sequence outlined above. When 
the highest tap is reached, the converter is regulated to 
hold proper voltage or current in accordance with the 
indications of the voltage and current regulating relays. 


PROTECTIVE FEATURES 


The size and importance of this converter unit war- 
rant extensive protective equipment and an endeavor 
has been made to protect against all operating con- 
tingencies. Most of these protective features are of a 
standard type and, for this reason, the descriptions 
of these features will not be detailed. 

1. Starting on single-phase or incorrect phase rota- 
tion is prevented by single- and reverse-phase voltage 
relay No. 47. 

2. Starting on low a-c. voltage is prevented by 
undervoltage relay No. 27. If low voltage occurs 
while the machine is running, undervoltage relays 
No. 27A shut the machine down. 


3. Correct position of the brushes is assured by 
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interlocks on the brush-operating mechanism which 
prevent starting with the brushes down or closing of 
the d-c. breakers with the brushes up. 

4. If the starting sequence is not completed within 
a predetermined time interval, starting protective relay 
No. 48 will shut down and lock out the unit. 

5. The failure of field excitation will be indicated 
by field relay No. 40 which is in series with the con- 
verter shunt field or by field relay No. 40A which is 
in series with the booster field. Either of these devices 
will operate through an auxiliary relay, No. 40X, to 
shut down the unit and hold it off awaiting an 
inspection. 

6. Reverse power as indicated by reverse-current 
relay No. 56 opens the d-c. line breakers No. 72 to 
insert the load-limiting resistors in the circuit. 

7. Overheating of any bearing will trip its bearing- 
temperature relay, No. 38, to shut down and lock-out 
the unit. 

8. Overheating of the load-limiting resistors operates 
resistor-temperature relays No. 28 to shut the machine 
down. When the resistors have cooled sufficiently 
No. 28 relays permit restart. 

9. Flashover or grounded windings wil] operate 
grounding protective relay No. 64 to shut down the 
converter and prevent its restart. 

10. Overspeed causes the speed-limit switch No. 12 
to operate, shutting down the machine and tripping 
the neutral circuit breaker. This guards against the 
possible failure of one side of the line to open. The 
unit must be inspected before a restart can be made. 

11. A-c. power failure is indicated by undercurrent 
relay No. 37 and reverse-power relay No. 56 which 
operate to shut down the converter. Restart is per- 
mitted on restoration of power as indicated by under- 
voltage relay No. 27. 

12. A-c. overload operates the overload relays 
No. 51 which trip the line oil cireuit breaker No. 52. 
At the same time, locking-out relay No. 86 is tripped 
and preventsrestart.  . 

13. Correct polarity is insured by flashing of the 
field from field flashing generator No. 34E and possible 
connection to the bus with reversed polarity is pre- 
vented by voltage directional relay No. 91. 

14. Overheated d-c. windings will operate d-c. 
thermal relay No. 68 to reduce the load to half of full 
load value by decalibrating the current regulating 
relays No. 57. At the same time a circuit is made to 
start the next machine in the sequence. If the con- 
verter should continue to heat thermal relay No. 68A 
will trip lockout relay No. 86 to shut down the machine 
so that an inspection is necessary before a restart can 
be made. 

15. Excessive load unbalance as indicated by over- 
heated neutral copper operates thermal relay No. 68N 
to lock out the converter. 

16. Protection against overheating of the a-c. 
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windings is obtained in two ways. Two a-c. thermal 
relays, No. 49, which operate on current input to the 
unit protect against possible overheating from moderate 
overload or single-phase operation by opening master 
contactor No. 4 and shutting down the unit until 
it has cooled sufficiently to permit restart. 

Thermostats located in the air discharge paths from 
the booster and transformer operate to reduce the load 
to 50 per cent of full load. If the unit continues to 
overheat, additional thermostats shut it down and lock 
it out. 


CONCLUSION 


This equipment has now been operating fully auto- 
matic for somewhat over a year and its operation has 
been very suecessful. During the initial starting up 
period there were many difficulties encountered, and 
subsequently others arose, but they were all carefully 
studied and remedied. Here again, as previously, 
both the operating company and the manufacturers 
benefited by the experience gained through solving 
the problems which arose. 

There have been quite a few system disturbances 
with this equipment in service and in practically every 
ease the automatie control appeared to function 
correctly. In most cases, of course, there was no one 
at the station at the time of the trouble and the per- 
formance of the apparatus had to be determined from 
the chart records. However, during the disturbances 
when, by chance, men were at the station, many 
observations were made and a great deal of confidence 
gained. In one case in particular, when the Keokuk 
transmission circuits were completely disabled by a 
tornado and the load thus released was suddenly 
thrown on the steam plants, this control gear operated 
admirably over a wide range of frequency and a-c. 
voltage and through severe d-c. load fluctuations until 
the system was again stabilized. At the time of the 
disastrous tornado of September 29th, 1927, none of 
the machines at St. Charles Street even dropped their 
load, although the a-c. system was subjected to many 
severe short circuits and grounds. 

With improvements being made rapidly in automatic 
control apparatus, it is felt that increasingly compli- 
cated operations will be controlled automatically and 


still greater reliability obtained in the future. 
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Discussion 


Caesar Antoniono: I have been enthusiastic about auto- 
matic operation since the early days and I still am. 


We have 18 automatic equipments on interurban service 
totaling 20,000 kw., leaving at present 5300 kw. of manually- 
operated equipment, in 4 stations. 


I have been in contact with the operation of several other of 
our affiliated companies and have no reason to change my mind. 
It has reduced the operating cost and made it possible for us 
to better our distribution of power and voltage, without a pro- 
hibitive capital investment. 


Н. Bany: (by letter) It is interesting to note that no stand-by 
batteries are used on the Union Electric Light and Power Com- 
pany’s 250-volt Edison system. Although this is undoubtedly 
to a large extent due to the fact that this company has been able 
to avail itself of the increased reliability of its a-c. supply, due 
to the use of two separate supply sources, still the elimination 
of the stand-by battery must further be regarded as an expression 
of confidence in the automatic station for this exacting service. 

In the St. Charles St. Substation no effort or expense was 
spared in the design of the automatic switching equipment to 
give the station the reliability and the voltage and load-control 
features it required as a base-load station. It is felt, in this case, 
that this has been well worth while in view of the results desired 
and obtained. It should be realized, however, that the number 
of special features incorporated in an automatic switching equip- 
ment should be a function of the requirements which must be 
met, and if the requirements are such that a simpler equipment 
will fulfill them, the simpler equipment should be used. This 
not only results in a lower first cost, but also eliminates the extra 
maintenance. 


It is also of interest to note the creditable performance of the 
synchronous converter equipment during the low a-c. voltage 
and frequency period when the Keokuk transmission line was 
disabled by a tornado. Ordinarily it would be expected that 
the motor-generator sets alone would be of value at such a time 
but here the synchronous converter exceeded its expectations. 

H. R. Summerhayes: It may be of interest to discuss 
briefly the various types of machines and schemes of control for 
use on Edison Systems. Under normal conditions, of course, 
the voltage range obtainable with the standard type of machine 
is sufficient to take eare of normal operating conditions. 

It is important, however, that the apparatus on the Edison 
System be arranged so that the load can be picked up without 
difficulty in the case of a partial or complete outage. In order to 
accomplish this, it is necessary either to arrange the machines so 
that stable operation can be obtained at any point from zero to 
full voltage or to arrange the circuit so that the current output 
from the machine will be limited when it is operating at or about 
normal voltage. 

With the motor-generator sets this can be accomplished by 
the use of separately excited fields on the d-e. generator, the 
voltage and eurrent output from the machine being limited by 
regulating devices operating on the field circuit. An alternative 
arrangement to the straight separate excitation is found in the 
scheme which uses a small generator in the field circuit, the 
voltage of which opposes the applied voltage. Thus, building 
up voltage on this counter e. m. f. generator will reduce the field 
current to the desired value. The voltage of the counter e. m.f. 
generator is controlled by current and voltage regulators which 
limit the current or voltage output from the main 4-с. generator. 
The third method for motor-generator sets is found in the 
differential series field generator. The fields on this machine 
are wound so that the series field opposes the shunt field which 
makes the machine inherently load-limiting. The excitation 
applied to the shunt field is obtained from the generator terminals 
in series with a separate source of power which is usually ob- 
tained from a small direct-connected exciter, this exciter also 


ROTTY AND HOUGH: AUTOMATIC CONTROL OF EDISON SYSTEMS 


653 


being used to excite the fields of the synchronous motor. This 
combination of fields results in &'design which will permit the 
d-c. generator to operate at any voltage from zero to full voltage 
and which is inherently load-limiting, thus giving a machine 
which will require a minimum of control to give the desired 
results. Contact-making ammeters and voltmeters may be 
used with these machines to limit the current or voltage to 
definite values. 

Synchronous converters may be arranged to operate in the 
starting or Y connection which, of course, will give practically 
57 per cent of normal voltage. In this case, of course, it is 
necessary to disconnect the latter from the line before changing 
over to running or delta connection. Arrangements may be 
made also for partial voltage reduction by transformer taps with 
or without arrangement for changing taps under load. Where 
transformer taps extend over any appreciable voltage range and 
the changing of taps under load is required it will be necessary 
to use a scheme involving the use of a booster or regulator in 
order to obtain a smooth transition. 

An alternative method consists of using a standard converter 
operating at full voltage using a current-limiting resistor in 
series with the machine, the resistor being designed so that 
current output from the machine will be limited to a safe value. 
This resistor is divided into a number of steps, each of which 
ean be short-circuited by a circuit breaker, the steps being 
designed so that the maximum safe value of operating current 
will not be exceeded when one block of resistance is short- 
circuited. 

Where the load-limiting resistor is used it is, of course, possible 
to connect the converter to an entirely dead system, whereas 
with the other schemes mentioned for the converter, these 
machines, of course, cannot be connected to the system until the 
system voltage has been raised to this amount by means of 
other machines which may be connected to the system at a lower 
voltage. 

I should like to ask a question with regard to operation of the 
system as supplied from 60-cycle converters and 25-cycle con- 
verters. In some cases it has been feared that such operation 
might result in trouble with burning of brush-rigging in case of 
a short-circuit on one of the a-c. systems; that the rotary con- 
verters would feed back through the d-c. system from the 
other a-c. system. It has been feared that in larger systems such 
feed-backs would be disastrous and, in fact, I have known of 
brush-holders being burned off on a number of converters. I 
should like to ask what precautions are taken against occurrences 
of this sort. 


Н. L. Wallau: In Cleveland we have a d-c. district similar 
to that in St. Louis, being slightly smaller in area, with a demand 
of about 35,000 kw. The number of stations is 4 instead of 8. 
One of these stations is an old generating plant and in winter 
supplies steam heat through geared turbine-generators with 
direct current asa by-product. There are also З motor-generator 
sets, and a 400-kw., 60-cycle rotary converter. Of the other З 
substations, the first put in service contains motor-generator sets 
and rotaries, all manually controlled, the newer and larger 
machines being all a-c. start. In our Public Square Station we 
have six 2000-kw. (nominal) rotary converters of the booster 
type, also manually controlled. Our latest station includes 
three nominal 3250-kw. units of the automatic type. Operators 
are maintained here because in addition to supplying direct 
current there is some important a-c. distribution from this 
station, and a large battery is installed as well. The operator 
selects the d-c. bus on which he desires to operate the converter 
and then through his control switch he gives the starting impulse 
and the rest of the operation is automatic. These machines are 
protected with load-limiting devices and tests indicate that they 
function properly, although no severe disturbances have occurred 
which have required their functioning for any long period of time. 

The automatic equipment has operated satisfactorily. There 
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have been very minor mechanical troubles which have been found 
on inspection and corrected, but nothing that would tend to 
discredit the equipment in any way. 

George Cree: (by letter) A more complete description of the 
operation of the machine described as Converter No. 8 might 
give a better understanding of the control scheme which is used. 

As shown in the diagram, the main converter transformer is 
equipped with an extended winding with four taps, each approxi- 
mately 10 per cent, so that when the total primary winding is 
used the voltage applied to the converter is decreased by 40 
per cent which. is equivalent to 160 volts on the 4-с. side of the 
converter. In addition to this, approximately 716 per cent 
further decrease in d-c. voltage can be obtained by operating the 
booster with the field excited in the full buck direction. This 
will give a minimum full-load voltage of approximately 150 volts. 

Therefore, in case of low voltage on the Edison System this 
converter can be connected to the system at approximately 
this voltage. 

When connected to the system in this manner it is of course 
necessary to pass through the various taps on the transformer 
keeping a smooth voltage range so that the machine will not tend 
to pick up or drop any appreciable increment of its load. The 
booster winding is designed so that the voltage generated in 
the winding at full buck or full boost will be equal to the voltage 
across the transformer taps. This winding is also divided in 
two halves, the middle point of the booster winding forming the 
Y point for the primary of the power transformers. For 
instance, if the converter is operating at full boost on tap A 
and it is desired to increase the voltage, the switches which 
connect the other end of the booster winding to tap B may be 
closed, as the voltage generated in the total booster winding will 
be equal to the voltage across the transformer tap. Then if the 
switches connecting the booster to tap A are opened the current 
will flow through the other half of the booster winding in the 
opposite direction to the previous flow of current, thus giving a 
full buck condition instead of the previous condition of full boost. 
Inasmuch as the transformer voltage on tap A plus the boosting 
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effect of the converter will be the same as the transformer voltage 
on tap B, minus the bucking effect of the booster, the a-c. voltage 
of the machine will not be changed. 

The change in power-faetor conditions resulting from changing 
the booster from boost to buck position makes it necessary to 
readjust the shunt field of the converter as mentioned in the 
paper. 

E. L. Hough: Mr. Summerhayes has brought up the ques- 
tion of the operation of 60-cycle and 25-cycle systems when tied 
together through a d-c. network. The Union Electric Company 
does not use 25- and 60-cycle machines in the same station. 
The stations are all tied together through the feeder networks and 
the shortest distance between the two systems is approximately 
three blocks, so that no difficulties whatever have been experi- 
enced in operating the 25- and 60-cycle systems tied together 
through the network. In fact, it might be brought out that 
we really have more than the two supply frequencies and two 
stations at each frequency. The Cahokia plant is arranged so 
that bus sections may be isolated in case of trouble, and during 
such time we may have the equivalent of about three plants at 
Cahokia, since the bus may be split. | 

O. J. Rotty: I should like to point out just a few things with 
regard to Table I. I wish to bring out the way in which the 
capacities are balanced. It will be seen that the capacity in 
motor-generator sets totals 78,000 amperes, whereas the con- 
verter capacity totals 68,400, making them almost equally 
divided. Also note that the total of 60-cycle machines is 71,400 
amperes and the total of 25-cycle machines is 75,000. Here 
again there is practically an equal balance of machines, but in 
this case the division is between the 25- and the 60-cycle systems. 

Our Edison system peak of 1926 amounted to 129,000 amperes, 
while last December we exceeded that by approximately 6500 
amperes; so it will be seen that we are approaching the capacity 
of the present machines. However, some of the old machines 
which were supplanted by the automatics are still in condition 
to run in emergencies and are considered as stand-by equipment. 
These machines are not included in the data of Table I. 


Protection of Supervisory Control Lines Against 
Over- Voltage 


BY EDWARD F. W. BECK: 


Associate, A. I. E. E. 


Synopsis.—Supervisory control lines used in the remote or 
automatic control of electric plants are subject to overvoltages 
dangerous to insulation and to operators. These overvoltages 
may be caused by lightning, crosses with the power lines, or induc- 
tion from them. Open wire control lines are influenced by all of 
these, cables with grounded sheaths are immune to disturbances 
caused by lightning or other electrostatic induction, and are more 
or less safe from crosses. The ordinary cable, however, is still 
subject to high voltages by electromagnetic induction when a fault 
occurs on the power line. 


These voltages may be dangerous not only to apparatus, but also 
to the cable insulation. Protection by means of lightning arresters 


UPERVISORY control and remote metering for 
substations and small hydroelectric plants are 
widely used. In order to prevent insulation fail- 
ures and consequent interruptions of the control, it is 
necessary to provide the control lines and apparatus 
with adequate protection against overvoltage. The 
wire lines over which the control is exercised are usually 
of considerable length. They are subject to over- 
voltage from several sources; hence protection in the 
form of lightning arresters is required to insure the 
continuous functioning of the system and to safeguard 
attendants from shocks. 


The supervisory control line is usually of the same 
nature as a telephone lead, consisting of the necessary 
number of pairs of wires either strung in open wire 
lines or in cable. Complete metallic circuits are 
employed, the use of the earth as a conductor being 
avoided. The preferred mode of running the line 
where the number of circuits warrants it, is in a lead 
sheathed cable. Such cables with the sheath grounded 
are exempt from certain kinds of overvoltage dis- 
turbances, and the grounded metallic sheath mitigates 
the bad effects of others. 


For the time being, consider an open wire line as 
it is exposed to more severe disturbances than is a 
cable. Overvoltages in such a line may occur from the 
following causes: 


1. Atmospheric dectridity and lightning discharges. 

2. Direct crosses with high-voltage lines. 

3. Potentials above ground caused by electrostatic 
or electromagnetic induction from neighboring power 
lines. 


The hazardous voltages caused by atmospheric 
electricity will not be discussed here. This is a subject 
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ts therefore necessary. Calculations show that even 1f the apparatus 
locations are protected, high voltages may occur along the line if 
the transmission line fault is between stations. This may cause a 
cable failure. It may, therefore, be advisable to protect the cable at 
certain intervals. 

Supervisory control protectors may be called upon to discharge 
heavy currents of appreciable duration. This requires extremely 
sturdy arresters. The requirements are met by a spark-gap of 
special design in argon at a reduced pressure. 

Specially made cables will shield the line against extraneous 
disturbances. In large installations, the use of such cables may be 
worthy of consideration. 


which has received considerable attention in the litera- 
ture in. connection with transmission lines. The 
reaction of an open wire line to lightning issimilar to that 
of any transmission line. This phase of the problem 
is discussed in the first two references of the appended 
bibliography. 

Direct crosses with high-voltage lines may occur since 
the control line is usually strung on the same poles 
with the power line. The best safeguard against 
damage in that event is the use of a high-voltage fuse 
in the control line together with a protector of sufficient 
discharge capacity to rupture the fuse and clear the 
apparatus from the charged control line. If the control 
line is strung in cable, the lead sheath, unless it is 
fused by the short-circuit power current, will keep the 
high voltage from the line. 


This discussion relates principally to overvoltages 
due to induction. These аге of considerable importance 
in connection with supervisory control lines, or others of 
a similar nature. The control lines run between 
power stations and therefore usually parallel the 
transmission lines which connect the stations, some- 
times strung on the same poles with them, sometimes 
on separate pole lines, but never very far away. They 
are thus continually under the influence of the voltage 
and current conditions existing in the transmission line. 

In the following discussion of induction, approxi- 
mations will be generally resorted to, neglecting such 
things as the effect of the size of the wire, the configura- 
tion of the lines, or the shielding effects of nearby 
earthed conductors. Exact calculations will not be 
attempted. Hazardous voltages of the order of 
hundreds or more volts are the objects of interest. 
It is therefore not necessary to be as particular in the 
assumptions and calculations as would be the case 
were telephone or telegraph lines concerned in which 
very small disturbing voltages might cause false signals 
or interruptions of the service. | 
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If the line is open wire, disturbances may be caused 
either electrostatically or electromagnetically. Electro- 
static induction will occur in the following way: 

In Fig. 1, A is a conductor charged to a certain 
voltage: Ел, and В is a nearby conductor, such as a 
supervisory line entirely insulated from ground. Be- 
tween A and earth, G, there will be an electrostatic 
field due to the potential Ел. Some of the electrostatic 
lines between A and G will terminate on B, imparting 
to it a certain charge and therefore a potential above 
ground. 

For an approximate solution, with the total number 


5 
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Fic. 1—Ртлавлм SHowine How VOLTAGE 1s INDUCED 
ELECTROSTATICALLY ON SUPERVISORY LINE 


of lines of force between A and G known, a parallel 
plate condenser may be substituted for line and 
ground, this condenser having the same number 
lines of force between its plates as pass from A 
to G, when the plates are at a difference of potential 
E,. In the same manner condensers may be inserted 
between A and B, and B and G. The capacities of 
such hypothetical condensers are known as the direct 
capacity of A to ground, A to B, ete. Thus, Fig. 1 
may be replaced by Fig. 2. This facilitates the deriva- 
tion of the induced potentials. Calculating the im- 
pedances of the circuit involved, the charging currents 
and the potentials may be found. 


The potential to ground which B takes up is: 


Cap 
Vs = E, Сав + Caco 


The capacities involved may be calculated if the 
spacing between conductors to the earth is known. 
This subject is treated by Schrottke, Eggeling, and 
Jaeger, (see bibliography). An approximate solution 
given by Jaeger is, 


a b 
c-r) 10^? wf. per mile. 

Ifa = 40ft., b = 20ft., ande = 55ft. 

Сав = 0.00088 u f. per mile. 

The capacity Све of the ordinary open wire line will 
be of the order of 0.0097 u f. per mile. 

Then Vg — 0.0375 Ei. 

If A is charged with an a-c. voltage of 22,000 above 
ground, Vs = 22,000 x 0.0875 = 825 volts r. m. s. or 
1160 volt peak. 

As the spacing between A and B is increased, the 
value of Cag and, hence, the value of Vg decreases 
rapidly, approaching a small constant value for spac- 
ings of about 150 ft. 
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If B is solidly grounded, Vs will be zero, the disap- 
pearance of Ув being accompanied by an increase in 
the charging current from A. On the other hand, if B 
is grounded through a very high impedance, such as 
the body of an attendant, the voltage Vg may be high. 
Ifthetotalimpedanceof thecircuit A, Caz, B, attendant, 
ground is sufficiently low, as it may be if Caz and C,, 
are large, which will be the case if the parallel is long, 
enough current may flow through the attendant to be 
dangerous. It is also possible that punctures of ap- 
paratus insulation will occur. For this reason, over- 
voltage protectors are necessary on a line subject to 
electrostatic induction, neglecting for the moment the 
additional requisite of safeguarding against electro- 
magnetic induction. Low-voltage lightning arresters 
will hold this induced voltage down to the discharge 
voltage of the device. 

The above discussion deals with what is in effect a 
single-phase ground return power line, such as a railway 
trolley, for instance. On a three-phase power system, 
the conditions are similar provided the phase voltages 
are unbalanced. Ordinarily, the configuration of the 
wires of the transmission line and the location of the 
supervisory line will be such that the electrostatic 
field resultant of the three phases, when the voltage is 
balanced, is small; in that case, there is no appreciable 
overvoltage on the control line. Fig. 3 shows the spac- 
ings between transmission and supervisory lines for 
which the normal electrostatically induced voltage is 
below 300 volts. The curves are plotted for a hori- 
zontal configuration of the transmission line. If a 
triangular configuration is used, the conditions will be 
better; if a vertical configuration is used, the induction 
will be about the same as for a horizontal configuration 
unless the control line is directly below the power line, 
in which case the influence of the lowest transmission 
line conductor will be quite marked. For the purpose 
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of this discussion, 1t may be assumed that the normal 
electrostatic field is negligible. If the relative positions 
of the power and control lines are such that high voltages 
are steadily induced in the latter during the normal 
operation of the power line, these must be removed 
from the control line by drainage devices other than 
lighting arresters because the continuous discharge of 
arresters would make the control line inoperative. 

If a fault occurs on the transmission line so that the 
voltages are no longer balanced, there will be a pro- 
nounced electrostatic field causing an induced voltage 
to appear on the control line. If the substitution of 
condensers is made as outlined in Fig. 2, the distribution 


Feb. 1928 


of charging currents and the induced voltages set up in 
the control line may be derived. The maximum in- 
duction takes place when a ground fault occurs on one 
phase of the transmission line in which case the electro- 
static field between the ungrounded phases and the 
earth is most intense. 

Considering a three-phase power line with un- 
grounded neutral, assuming one phase dead grounded 
through a fault, and assuming that the voltage of the 
grounded phase to earth is zero, the calculation by 
means of equivalent condensers leads to the conclusion 
that the disturbing field is approximately proportional 
to the vector sum of the line voltages between the 
sound and grounded wires, in the case of either a delta 
or a Y system. So the disturbing system may be 
replaced by a single wire having a potential above 
ground equal to the above mentioned vector sum of 
voltages and the case is then as pictured in Fig. 2. 

Let us assume a three-phase delta or Y system with 
ungrounded neutral and a line to line voltage of 22,000 
with one phase accidentally grounded—a case parallel- 
ing Fig. 2. 

— м. 

Ex, = Е, Ез = V 8XEuine=V 3 X 22,000 = 38,200, 
from which the crest value of the induced voltage is 
then: Vs = 0.0875 х 38,200 x 1.41 = 2020 volts. 

A ground on an ungrounded system may stay on for 
some time before it is cleared, increasing the hazard. 
If the ground is a high resistance one, the transmission 
line voltage is not so badly unbalanced and the dis- 
turbance is less severe. 

If simultaneous grounds occur on two phases, the 
induction is also less severe. The electrostatic field is 
then that due to one line wire only,—the sound one. 


1 
The disturbance is then only WE times as great as in 


the above mentioned case. A dead ground on one phase 
is the limiting case and therefore the one to be provided 
for. | l 

On a system operating with the neutral grounded an 
accidental ground will not cause so high an electrostatic 
voltage on the control line as on an ungrounded system. 
In this case, the field will be proportional to the vector 
sum of the voltages to neutral of the sound phases: 


` > ` 1 P 

Th E =E ine = E ine === Е ine XX 3=Е ines 

us La l WE +; | VE : = у l 

Considering again a 22,000-volt system, Vs = 0.0375 
x 22,000 x 1.41 = 1170 volts crest compared to 2020 
volts for the system operating with an ungrounded 
neutral. 

For simultaneous grounds on two phases, the field is 
proportional to the voltage from line to neutral, t. e., 


22000 


Vas = 0.0375 х 1.41 = 675 volts peak. 


_ On a system operating with the neutral grounded, a 
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third harmonic or multiples thereof will cause a steady 
induction. The 3n harmonics are in phase between 
the line conductors and the neutral; hence they will 
originate an electrostatic field between line and ground 
proportional to the harmonic voltage to neutral, 
neglecting the increased capacity due to the three line 
conductors being in parallel. The3 » harmonics should 
be avoided. In a poorly designed system the third 
harmonic can be 80 per cent of the fundamental, in 
which case there would be a steady voltage on the con- 
trol line for the above-considered 22,000-volt system, 
of 2020 x 0.3 x 3 = 3800 volts. A third harmonic of 
8 per cent only will induce 380 volts above ground on 
the control line and this potential will be on the line 
as long as the transmission line is energized, probably 
continually discharging the protectors and interrupting 
the control. Therefore, 3n harmonics should be 
drained out of the system or else the control line must 
be moved sufficiently far away from the transmission 
line to reduce the induced voltage below the breakdown 
voltage of the protectors. If this is not possible, 
special protective measures must be taken, such as the 
use of drainage devices already mentioned. 


High voltages may be induced in the control line by 
transients in the transmission system. These voltages 
will be proportional to the transient voltage;so they may 
be exceedingly high, especially if the transients are due 
to lightning. When a fault occurs on the transmission 
line, surges are generated before a steady state is 
reached. On an ungrounded system, a solid ground 
may cause a surge of twice the normal voltage; an 
arcing ground may cause repeated surges of three and 
one-half times the normal voltage. On a grounded 
system conditions are not so bad, as the surges caused 
by accidental grounds will usually not be more than 
twice the normal voltage. 


The presence of grounded conductors near the control 
line will materially reduce the induction due to the 
increase in the capacity to ground of the control line, 
Свс in Fig. 2. "These conductors may be in the form of 
continuous rows of trees, a ground wire, or the like. 
By far the most effective manner of shielding the con- 
trol line against electrostatic induction due either to 
the transmission line or lightning is the running of 
the line in metallic sheathed cable with the sheath 
grounded. The line is then immune to such influences. 
If cable is used, the electrostatic lines of force terminate 
on the cable sheath and not on the control line conduc- 
tors. Hence, considering only protection against 
overvoltage, regardless of other advantages derived 
from this method of installation, the use of cable for 
control lines is to be recommended. When the number 
of conductors in the line is so small that an open wire 
line is preferable to cable, other protection in the form — 
of lightning arresters is essential to protect against 
electrostatic induction. 


If there were not the possibility of electromagnetic 
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disturbance and crosses with the transmission line, the 
use of sheathed cable would probably make it un- 
necessary to use protectors, provided the sheath were 
grounded at many points. The lead sheath of a cable, 
unfortunately, does not provide a perfect shield against 
electromagnetic induction, although it may reduce its 
effect appreciably. 

Consider a single-phase transmission line with 
ground return and a neighboring control line consisting 
of a single isolated wire paralleling the transmission 
line. Suppose, also, that the transmission line is 
grounded at the far end so that a current flows around 
the loop consisting of transmission line and earth. 
This current will be attended by a magnetic field, part 
of ‘which will cut the area enclosed by the control line 
and ground, inducing in the line ane.m.f. If the 
control line is grounded at both ends, a closed loop is 
formed in which a current will flow. The two lines 
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These curves show separations necessary to keep the electrostatic induced 
voltage below 300 volts above ground during normal operation of the power 
line. 

Dotted line shows the spacings used between phases of the transmission 


e. 
Control line strung beneath transmission line. 


together may be likened to a transformer of which the 
transmission line is the primary and the control line 
the secondary. The induced e. m. f. in the control line 
is dependent upon the total magnetic flux cutting the 
area between it and the ground, this magnetic flux, in 
turn, being a function of the area enclosed between the 
transmission line and ground return eurrent. In order 
to calculate the induction, it is necessary to determine 
what these areas are. The length of the exposure being 
known, this resolves itself into a determination of the 
ground current, and the distance between the lines and 
the path of the returning earth current. For this 
purpose, the conception of the so-called equivalent 
ground plane is necessary. 

When the current enters the earth from one electrode, 
it does not travel in a direct line to the other. It 
spreads out to a considerable extent in all directions, 
so that the cross-section of the current path is extremely 
large. Most of the current flows at a great depth. 
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In order to make the calculations practical, it is neces- 
sary to assume a current path confined to a horizontal 
plane somewhere in the earth, the distance between it 
and the line being such that the flux included in the 
theoretical area so formed is of the same value as that 
actually generated by the transmission line current. 
This theoretical current-carrying plane is called the 
equivalent ground plane. It may be simply defined 
as the surface of a hypothetical earth with negligible 
resistance and a two-dimensional current distribution, 
this plane being at a suitably chosen distance below the 
actual surface of the real earth. There exists a con- 
siderable amount of experimental data to aid in the 
choice of this distance. | 

It is assumed that the ground current on leaving one 
ground electrode flows vertically downward to the 
equivalent ground plane; then follows it. The resis- 
tance on the path being assumed negligible, the ground 
resistance of the earth path is considered concentrated 
about the ground electrodes. 


Having established what the circuit shall be, it is 
possible to proceed to the methods of calculating the 
electromagnetic induction. It can be shown under the 
above assumptions that the e. m. f. induced in a unit 
length of control line is expressed by this formula: 


2h 
e = 0.00466 x f x log ( — ) 


e istheinduced voltage per mile of exposure per am- 
pere of current in the disturbing transmis- 
sion line. 

f = is the disturbing frequency. 

h = isthe height of the disturbing line above the 
equivalent ground plane. 

d = is the spacing between lines expressed in the 
same units as h. 


The location of the equivalent ground plane below 
the surface of the earth is a more or less indeterminate 
quantity depending in the main upon the conductivity 
of the soil which in turn depends upon the nature of the 
soil, its moisture content, and the like. If the con- 
ductivity is high, or if there is a layer of conductive 
soil near the earth’s surface, the equivalent ground 
plane will be near the surface. If the conductivity of 
the earth is poor, the equivalent ground plane will be 
deeper in the earth. Experience shows that the dis- 
tance between the earth’s surface and the equivalent 
ground plane may vary from a few feet to 2000 ft. 
Experience also shows, however, that in most cases the 
maximum depth that may be expected is approximately 
500 ft., so that calculations made with this value for 
h give in nearly every case values of induced voltage 
which are amply high. Moreover, as the depth of the 
equivalent ground plane is increased, the induced volt- 
age increases less rapidly as shown in Fig. 4, which is 
reproduced from the article by R. Mitsuda and K. 
Kasai (see bibliography) so that for values of h greater 
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than 500 ft., the results will not be affected as much as 
may appear off hand. Moreover, there are usually 
mitigating factors present which, in actual practise, 
reduce the induction. Consequently we may use the 


Induced voltage рег ай, 
€ ны» pollo аш 


Dept) of egviratent ground pane. 


Fic. 4—VaRIATION OF INDUCED VOLTAGE wiTH DEPTH or 
EQUIVALENT GROUND PLANE 


value 500 ft. with safety and write the equation for 
induced voltage: 


1000 
= (0.00466 f ( log ~~) volts per ampere mile, 


where d is in feet. 
For convenience, we may express this equation in 
terms of 25- and 60-cycle induction: 


1000 
0.116 log S (r. m. S.) 


€25 


1029 
ево = .269 log —— (г. m. s.) 
for parallel exposures. 
' The variation of the induced e.m.f. e, with the 


spacing d, between the disturbing and disturbed lines 


TTTS 


e, VOLTS PER AMPERE-MILE 


30 40 50 60 
d, SPACING IN FEET 
Fic. 5—E. М. F. INDUCED PER AMPERE-MILE Ат 60 CYCLES 


Curves show variation of e. m. f. with spacing between disturbing and 
disturbed lines. 

Curve A, depth of equivalent сдана plane, 1500 ft. 

Curve B, depth of equivalent ground plane, 500 ft. 


is shown in Fig. 5. This curve is not accurate for 
spacing approaching 2h. If the equation for е is 
used, as given, the induction at a spacing of 2 h would 
be zero, because in the derivation of e, assumptions 
have been made which bring this about. Actually, the 
induction persists to greater distances, theoretically to 
infinity. 
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Considering protection against overvoltage, the 
potential of the control line to ground is the object of 
interest rather than the e. m. f. acting along the line. 
It may be well here to point out the differences between 
electrostatic and electromagnetic induction. In the 
former case, the induced voltage occurs between the 
disturbed line and ground. It is independent of the 
length of the exposure, being determined only by the 
capacity per unit length and by the disturbing voltage, 
while the amount of charging current is dependent upon 
the length of the exposure. In the case of electro- 
magnetic induction, the e. m. f. is induced along the 
disturbed line and is a function of the length of the 
exposure and the disturbing current, while the current 
flowing in the wire is dependent upon the characteristies 
of the disturbed line. After establishing what the 
induced e. m. f. is, the control line may be considered 
as a cireuit containing reactance and resistance de- 
pending upon the constants of the line, and a source of 
potential whose e. m. f. is the induced voltage. 

In order to determine the potential to ground due to 
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Fic. 6—DISTRIBUTION or POTENTIAL ON LINE ISOLATED FROM 
GROUND 


electromagnetic induction, consider the disturbed line . 
by itself with a source of e. m. f, Es, induced in it. If 
the control line is totally isolated from ground, the 
current which flows is chiefly a charging current. Its 
value is, 


Ев 
2 = 2' 


where Z is the impedance of the line, “ће ground im- 
pedance being considered zero" and Z’ is the impedance 
between the line and ground consisting of the dis- 
tributed capacity and resistance of the line to earth. 
Z is small compared to Z’, so it may be neglected. 

The voltage between line and ground at any point is 
dependent upon the capacity between line and ground. 
If this capacity is evenly distributed, it is apparent that 
the potential to ground, Vs, will be distributed as in 
Fig. 6. 

The voltage to ground at the middle of the exposure 
is zero at each end of the line itis 16 Ев. 

If the control line is grounded at one end but open 
at the other, the Vz of the grounded end is zero and the 
total voltage is thrown on the openend. (Fig. 7). 

If the line is earthed at the center of the exposure, 
the same condition exists as in Fig. 6 and a protector at 
this location will do no good. 


If the line is grounded at both ends, a short circuit 
is thrown on the induced e.m.f., Eg. А current will 


І = 
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flow determined by the impedance of the circuit. 
Assuming zero ground resistance, the current is 


Zz 
B&S gage wire, having а relatively high ohmic resistance 


of 44 ohms per mile; hence the reactance may be 
neglected and 


Supervisory cables are usually made with No. 19 


е 


Is = 44 Le 


In this case the voltage to ground of the line is zero, 
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Fic. 7—DIstTRIBUTION OF POTENTIAL ON LINE GROUNDED AT 
OnE END 


and therefore grounding the line at both ends of the 
exposure is the best safeguard against overvoltage. 
This can not be done actually, but can be accomplished 
in effect by connecting protectors between line and 
ground at or near the ends of the line. If the induced 
voltage is high enough to discharge the protectors— 
about 350—500 volts,—the line is effectively grounded 
for the duration of the fault on the transmission line. 
If the induction is not sufficient to break down the 
protectors, the potential on the line will distribute itself 
as in Fig. 1, but no damage will result. Vg may be of 
the order of 500 volts. For this reason, a supervisory 
line should be treated as a 500-volt line. 

The current which the protectors may be called upon 
to pass under fault conditions in the transmission line 
may reach high values, of the order of 50 amperes, 
under severe induction on open wire lines. The 
duration of the discharge may be as much as two 
seconds, which requires extremely sturdy arresters. 


Location ef fault. 
L. fe 
E 


Fic. 8—DiAGRAMS SHOWING FAULT AT INTERMEDIATE POINT 


In the foregoing, it is assumed that the fault in the 
transmission line is at one end of the exposure, so that 
the direction of the induced voltage is everywhere the 
same. Should the accidental ground on the power 
line occur anywhere between the ends—for instance— 
near the middle of the parallel, current will feed into 
the fault from both sides. These currents will be in 
opposite directions; hence the e. m. fs. induced in the 
sections of the control line on either side of the fault will 
be in opposition. The current which then flows in the 
control line ground loop when the protectors at the ends 
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discharge will be a function of the resultant e. m. f. in 
the line. If the fault should occur midway between 
power sources of equal capacity, the resultant e. m. f. 
is zero and no current flows. This does not mean 
that no voltage to ground appears on the control line. 
The two induced e. m. fs. oppose each other and the 
line has distributed capacity to ground. Therefore, a 
voltage will pile up on the control line at a point 
opposite to the fault on the transmission line. This 
voltage may reach a considerable value, and if such 
is the case, a protector at or near that point is desirable. 
If a fault occurs somewhere within the parallel, the 
situation is as pictured in Fig. 8. 

2, and 2» are the impedances in the lines, I, and Г, 
the currents, and С, and C; represent the distributed 
capacities. The voltage to ground, Vg at the fault 
location will be V = E,— Г, 4, = Е + IZ», ie, 
somewhat less than the greater of the induced e. m. fs. 
but more than the smaller. 

The voltage distribution will be as in Fig. 9. 


a = isthe point opposite the fault in transmission line. 
a b = E T 
b с = Е Qe 


ac =а'с' = Е, – E: = I Zin the line. 
When the protectors discharge there can be no 


Fig. 9—VoLTAGE DISTRIBUTION WITH FAULT AS IN Кто. 5 


potential to ground at a’, so the ground potential will 
take the position oc’. The voltage to ground at a 
will then be V = bd. The ordinates between ob 
and oc’ represent the distribution of the voltage to 
ground along one section; those between bc’ and oc’ 
that along the other. 

If there are no protectors on the line, or if they do 
not discharge, one-half the residual voltage,—that is, 
one-half the difference between E, and E,— will appear 
at each end of the line and at the point corresponding 
to the fault on the transmission line. | 

Consideration of the case pictured in Fig. 9 shows 
that if the supervisory line is a cable, it may be well to 
install protection at intermediate points to safeguard 
the cable insulation or else use a more highly insulated 
cable. 'The number and location of protective equip- 
ments neeessary to keep the induced voltage below 
hazardous values may be calculated from the character- 
isties of the transmission system and the control line. 
An open wire line will not require intermediate pro- 
tection because the worst that can happen on the line 
is an insulator flashover which will probably not cause 
much damage. 

The above discussion has dealt with a single-phase 
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ground return power line, such as a railway trolley. 
On a three-phase system where the voltages are 
balanced, there will not be any magnetic field to speak 
of, and no induction is to be expected on the control 
line. If the voltages are unbalanced, unbalanced 
earth currents will flow and an e. m. f. will be electro- 
magnetically induced on the control line. 


In the case of a grounded neutral system with an 
accidental ground on one phase, a heavy ground current 
will flow. The ground current may be calculated and 
the induction derived by considering the disturbing 
line as a single wire with ground return. 


Electromagnetic induction from ungrounded systems 
is usually not severe. So long as the voltage is 
balanced, no hazardous induction occurs. If ап acci- 
dental ground occurs on one phase, the line currents will 
be unbalanced, a high voltage will appear between the 
unzrounded phases and ground, and a certain ground 
current will flow. Thissituation is discussed by Ruden- 


Fig. 10—CurreEnts DUE TO ACCIDENTAL GROUND ON ONE 
PHASE OF UNGROUNDED LINE 


berg (see bibliography) briefly as follows: At the 
point where the ground occurs, it may be assumed that 
the phase voltage is neutralized by a fictitious equal 
and opposite voltage, — E p, so that the voltage to 
ground at the fault is zero. This voltage, — E p, will 
cause eurrents to flow superimposed on the normal 
current caused by E p. The currents due to + Eo 
balance and do not disturb the control line. Then 
— Е p urges two currents to flow, one 2, flowing around 
the loop consisting of phase 3 on the one hand and 1 and 
2 in parallel on the other, and the capacity between 
them. These currents are indicated by the ordinates 
of the vertically hatched areas in Fig. 10, ?, being 
balanced by — 2; in 1 and 2 will cause no induction. 
The second current 22 flows around the loop consisting 
of 3, the earth, and the capacity between 3 and the 
earth. It isa ground current and will induce an e. m. f. 
in the control line. The conditions are similar whether 
the fault occurs at the sending or the far end. 


Some figures for the induction from ungrounded 
systems calculated by Eggeling (see bibliography) are 
given in Tables I and II. Table II is for simultaneous 
grounds occurring on two phases at opposite ends in 
which the ground current is a short circuit current and 
very heavy. The figures are taken from Eggeling’s 
article and are for 50-cycle induction. 


BECK: SUPERVISORY CONTROL LINES 


661 


TABLE I | 

Ев in рег 
kv. { с { Ев cent of Fa 
35 50 0.00443 2.10 64.2 volts 0.18 
35 50 0.00434 2.07 60.5 0.17 
69 75 0.00433 5.30 230. 0.32 
100 100 0.00463 12.6 774. 0.77 
100 100 0.00475 12.9 755. 0.76 


D Ep in per 
kv. kv-a. l i Ев cent of Ea 
35 20,000 50 km. 540 16.5 kv. 47 
60 30.000 75 506 22 36.6 
100 50.000 100 §22 32 32 


Here l is the length of the parallel in kilometers, E, is 
the line voltage, c is the capacity of the line to earth, 7 
is the disturbing ground current, 7. e., 16 iz, Es is the 
e. m. f. induced in the disturbed line. 

For lines with appreciable self-inductance in the 
path of the current +, and low ohmic resistance, 
resonant conditions may occur which may serve to 
raise the induction to values 3 to 4 times normal. 
The figures in the tables take no account of this, and 
may therefore be too low; on the other hand, miti- 
gating circumstances are usually present, such as over- 
head ground wires or other grounded conductors; 
perhaps a cable sheath, which may considerably reduce 
the induction. In any event, it is apparent that the 
induction is heavy only for high line voltages and long 
exposures in such extreme cases as a double fault on 
two phases. . On present-day supervisory control instal- 
lations, the transmission line voltage and the length 
of exposure has been moderate. Ordinarily, therefore, 
the induction on supervisory cables used in conjunc- 
tion with ungrounded systems will not be hazardous 
when the fault occurs on one phase only. 

However, on systems with a grounded neutral, high 
voltages may be induced, as heavy fault currents will 
flow in the case of an accidental ground. As such 
systems are in the great majority in this country, and 
since it is difficult to lay down a general solution for the 
protective problem, each installation consisting of 
power and control line presenting an individual 
question, it may be well to work through a hypothetical 
ease in order to clarify the matter. The calculations 
made will serve as an indieation of what may be ex- 
pected and as a guide to the methods to be applied in 
the investigation of actual installations. 

With this in view, consider a system as depicted in 
Fig. 11. 

In Fig. 11, B and C are two hydroelectric stations 
operated by supervisory control from a third station, A. 
These stations feed power into a system at 60 cycles 
through a 33,000-volt line, with the neutral grounded 
at each station. The generators and transformers 
at A, B, C have reactances of 20 per cent and 10 per 
cent, respectively. "The capacities of A, B, and C are 
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15,000, 5000, and 6000 kv-a. The transmission line 
is No. 00 B&S gage copper with a triangular spacing of 
36 in. Bis 4 mi. from A, and C is 5 mi. from B. The 
supervisory line is a cable spaced 15 ft. from the trans- 
mission line. It consists of 10 pairs of No. 19 B&S wires 
running between A and B and 10 pairs from A to C. 
The cable between A and B thus contains 20 pairs of 
wires. At each end of each line, each conductor is 
connected to earth and cable sheath through a protector. 

Then, from Fig. 5, е = 0.51 volts per ampere mile. 

The problem thus resolves itself into a calculation of 
the ground current. 


Jo Main System Transmission Line 


à 15,000 Киа. Generator Ф Kv-o, Generator 


jupervisory Contro 


6000 К-а, 
Generator 


Fig. 1I—EXAMPLE OF SYSTEM WITH SUPERVISORY CONTROL 


Let us first assume the fault, a ground on one phase, 
to be at C, the end of the line. The calculations are 
easily made by the phase sequence method, following 
the procedure described by R. D. Evans (see bibliog- 
raphy). In the calculations made here, the effect of the 
connected system has been neglected in order to simplify 
the problem. This is a somewhat violent assumption 
as the system may feed a considerable amount of ad- 
ditional unbalanced ground current into the fault at C, 
unless the system is of small capacity. For an exact 
solution, the connected system should be taken into 
account and the induction will be higher than calculated 
here. 

Applying the Evans method, the ground currents in 
the sections B — Cand A — Bareas follows: 

Isc = 685 amperes. 
І,_в = 382 amperes. 

These calculations neglect the effect of ground resis- 
tance which may or may not be a negligible factor, 
depending upon the individual system. 

The induced e. m. fs. will be: 

Ев = 4 X 882 x 0.51 = 780 volts. 
Esc = 5 X 685 X 0.51 = 1745 volts. 

Both in the same direction. 

The voltage induced in the line A — В is thus 780 
volts; the voltage induced in the line A — C is 780 
+1745 = 2525 volts. 

If the lines were totally isolated from ground and had 
no protection, the voltage to ground to which the in- 
sulation at the ends would be subjected would be: 

Vas = 990r. m. s. or 550 peak. 
Vac = 1260r. m. s. or 1780 peak. 


When the protectors discharge current will flow 
around the loop A —. B, and ground; and A — C and 
ground. 
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These currents will be: 
Кыйы a са 
LAB = 4 x 44 = 4 amperes, 
EE NE 
ac’ = "gx 44 = 6.4 amperes. 


Carrying the case further, let us assume the fault at 
B. We then find the oa currents in the trans- 
mission system to be: 

Ias = 750 amperes. 
Isc = 408 amperes. 


These currents are in opposite directions. The 
induced e. m. fs. are: 


Eas = 1530 volts. Esc = 1040 volts. 


The line A — B will have induced in it an e. m. f. of 
1530 volts. If it were unprotected, a voltage of 765 
r.m.s.,or1040 peak, would appear at each end between 
conductors and sheath. 

In the control line A — C the resultant e. m. f. will 
be Eas — Esc = 490 volts, but a high voltage to ground 
and sheath will appear on this line at the fault point, C. 

Suppose the protectors have broken down so that 
A — B is grounded at A and B and the line from A to 
CatA and C. Then the currents induced will be: 


nol 19 _,,„ 


Because of the fact that the e. m. fs. induced in A — B 
and B — C are in opposition, a voltage to ground will 
exist on the line A — C, with a maximum at B. This 
voltage is indicated by Fig. 12. 
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Fic. 12—VorTAGES INDUCED IN CONTROL LINE SHOWN IN 
Fig. 11 wiru Power-Line Ёлоіт AT В 


The'voltage at B ise f = 1310 volts. 

Because the line A — B has protection at B, its 
voltage to ground at B is zero and theremay, therefore, 
be a potential of 1810 volts between the conductors 
of the line А B and those of the line A — C. Thisisa 
hazard. Consequently, in this case protectors should 
be installed on the line А — C at or near B. The 
voltage ef will then collapse. The protectors on 
A — C at B will be called upon to discharge a current of 


1530 . 1040 
4x44 5 x 44 


Iş’ = = 13.5 amperes. 
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Now suppose the fault is at M, a point half-way 
between A and B. The ground currents in the trans- 
mission system are then: 


I,m = 1095 amperes. 
Ism = — 690 amperes. 
Isc = — 316 amperes. 
The e. m. fs. induced in the control line are: 
Ем = 1120 volts. 


Esm ^ — 105 volts. 
Esc = — 805 volts. 


The resultant e. m. f. in the line A — B will be 1120 
— 705 = 415 volts in the direction A to B, causing a 


A B 
o >_> —=——. 
M 


Fig. 13—VOLTAGE ON CONTROL Ілме А B or Ес. 11 wits NO 
PROTECTORS 


Va = VB = 208 volts to ground. Power-line fault midway between 
A and B. 


0 


a 
B 
re, 


Кто. 14— VorLTrAGE on CowTROL Line A B or Ес. 11, 
Protectors DISCHARGING 


Power-line fault midway between A and B. 
OM = — 1120 volts, Va = VB = О. VM = 900 volts to ground. 
Residual Voltage, O B = 415 volts. 


A | 
Сы мү 
o 
^ 
Fic. 15— VorrAGE on CONTROL Ілме A C or Fira. 11 WITH NO 


PROTECTORS 


Power-line fault midway between A and B. 
Va = Ус = 195 volts to ground. 


M 
Fig. 16—VorTrAGE on Сомткоі Ling AC or Fig. 11, 
PRorECTORS DISCHARGING 


Power-line fault midway between A and B. 
VA = Vc = О. Ум = 1210 volts. Residual voltage = 390 volts. 


current flow in the line A — B of 2.4 ampere when the 
protectors discharge. If the voltage is of such a low 
order, the protectors may not discharge and the 
potential distribution will be as in Fig. 18. If they 
do discharge, the potential distribution will be as in 
Fig. 14. 

The resultant e.m.f. in the line A — C will be 
1120 — 805 — 705 — — 390 volts; that is, 390 volts in 
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the direction C to A. If there are no protectors on 
this line, the potential distribution will be as in Fig. 
15. With protectors at A and C, these will discharge 
and the distribution is as indicated in Fig. 16. 

From these figures it is apparent that if protectors 
on both A B and AC discharge, there may exist 
appreciable differences of potential between the con- 
ductors of A B and those of A C. This may be the 
cause of failure between conductors. To avoid this, 
protectors are necessary on AC at B. If these are 
applied, there is no stress between conductors but only 
between the wires and sheath. Simultaneous pro- 
tector operation probably does not always occur be- 
cause if the protectors on one wire discharge, that 
wire becomes a grounded conductor and acts as a shield 
for the rest. On the other hand, the cable conductors 
are fairly high in resistance; hence their shielding 
action is probably small. 


In the case of open wire lines, intermediate protection 
is not important. When cables are used, protection of 
cable insulation may be necessary to safeguard it from 
failure. 


On open wire lines, the currents caused by the 
induction will be much heavier, because the wires used 
for open construction are much heavier and therefore 
less in resistance. 


While the above described example may serve to 
indicate the nature of the induced voltages, much 
higher ones may exist particularly where large con- 
nected systems can feed into the ground fault, thus 
causing the flow of very heavy ground currents. Fora 
system in which considerable energy may feed into the 


supervised section, all sources of current should be. 


considered. Systems in which the induction may be 
high should be analyzed to determine the protector 
requirements if it is desired to safeguard the cable 
insulation against failures. 


On the other hand, there are fortunately certain 
conditions which act to reduce the electromagnetically 
induced voltage so that the results obtained for the 
particular case calculated are possibly pessimistic. 
The proximity of grounded conductors exerts a shielding 
effect. The use of an overhead ground wire, or a 
neutral wire on the transmission line may reduce the 
induction considerably, since an appreciable part of 
the fault current will flow through this wire instead of 
through the earth, whereby the area of the disturbing 
loop and, therefore, the inducing flux are considerably 
decreased. The cable sheath itself, if well grounded, 
may be a potent reducer of induced e.m.f. The cable 
sheath acts as a short circuited damping turn. The 
degree of damping which it exerts depends upon the 
phase angle of the sheath. For effective shielding, it 
is important that the reactance of the sheath ground 
loop be as high as possible in comparison to its resis- 
tance which means that the sheath must be well 


grounded, and that the joints in it should be highly 
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conducting. However, where the sheath resistance is 
appreciable, the shielding effect will be small. In the 
сазе of the 20-pair cable between A and В, in Fig. 18, 
the sheath resistance is 4.2 ohms per mile while the 60- 
cycle reactance is 1.2 ohms per mile. Hence, the phase 
angle and the shielding effect are quite small. For 
larger cables where the sheath resistance is lower, the 
shielding effect is much greater. Reductions of 30 per 
cent in induced voltage have been claimed for such 
cables. To obtain the best shielding effect, telephone 
cables have been constructed in which a shell consisting 
of a number of copper wires is located next to the lead 
sheath, these wires being solidly grounded at each end 
of the cable; also, with iron hoops around the sheath to 
increase the reactance. This has been done to reduce 
the electromagnetic disturbance of telephone com- 
munication. If shielding of this kind is resorted to, 
it is theoretically possible to forego entirely the use of 
protectors. 


The ground connections to the protectors and the 
cable sheaths should be as low in resistance as possible. 
This is important to prevent the building up of high 
voltages across the ground resistance if heavy currents 
flow. А transient may be generated in the cable sheath 
either by lightning or induction from the transmission 
line. If this transient contains considerable energy, 
and if the ground resistances of the earth connections 
to the sheath are high, a high voltage drop may appear 
between the sheath and the ground. It is possible 
that this overvoltage may relieve itself from the cable 
sheath to the conductors of the supervisory line through 
the cable insulation and from there through the control 
apparatus to ground. Low ground resistance is 

important for all lightning arresters. The best light- 
ning arresters hampered by high-resistance grounds, 
will not give good protection. 


It is not to be recommended that cable sheaths be 
earthed to the station ground where the nature of the 
soil is such that a low ground resistance is not to be 
obtained. Under such conditions, if the station ground 
is used, and the ground fault occurs near one of the 
stations, a large part of the fault current will take the 
lower resistance path through the cable sheath in 
preference to the earth. Thus, the sheath may be 
called upon to carry very heavy currents which may be 
sufficient to damage the insulation because of heating, 
or even to injure the cable sheath. Where the ground 
resistances are high, the earth connections to the sheath 


and the protector should be made at a considerable 


distance from the station ground. As practically the 
entire voltage drop due to the ground resistance is 
concentrated within a comparatively short radius of the 
earth electrode, the cable will not pick up any great 
voltages if the sheath and station are well separated. 
The use of an overhead ground wire on the transmission 
line is of benefit in this connection as it will carry the 
greater part of the fault current. 
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A special protector has been developed for use on 
supervisory control circuits to relieve lightning voltages 
and with sufficient capacity to discharge the heavy 
currents of comparatively long duration which may be 


“caused by induction. The essential element of this 


device is a spark-gap of particular design enclosed in an 
atmosphere of inert gas at a reduced pressure, to give 
a low breakdown voltage. 'The gas used permits of 
large energy discharges without undue injury to the 
electrodes which are of arc-resisting material. The 
breakdown voltage of the gap is of the order of 350 to 
500 volts. The protector has four electrodes equally 
spaced from each other, so that several lines may ‘be 
protected simultaneously. The most common practise 
is to connect two of the electrodes to earth, and each of 
the remaining two to one side of the line. 


Fic. 17—SuPERvisonY-CowNTROL PROTECTOR UNIT 


The complete protector consists of the bulb herein 
described, mounted in a steel box with a pair of low- 
voltage, low-capacity fuses, and a terminal block. 
This device is shown by Fig. 17. 

The low-voltage fuses are connected between the 
protector and the apparatus to clear the apparatus 
and source of control power from the tube in the case of 
a sustained discharge or a short circuit of the bulb in 
the extremity of a very heavy discharge. If the line 
is open wire, high-voltage fuses are connected between 
the line and protector to clear the line from the protector 
and apparatus in the event that it is crossed by the 
high-voltage wires. In that contingency, the protector 
discharges due to the line voltage and passes sufficient 
current to rupture the high-voltage fuses. This 


_isolates the charged control line and prevents high 


voltage from appearing on the control apparatus. 
This is usual practise for open wire lines but not for 
cable. | 

Where the control line consists of a plurality of con- 
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ductors, the required number of protective equipments 
is arranged in rows. The supervisory lines are run 
through the holes provided in the sides of the boxes and 
are tapped to the protectors. Each protector is 
separated from the next by the steel side of the cabinet 
so that a failure or possible аге in one box will not 
endanger the others. 

The protector bulb is capable of discharging lightning 
voltages of any order except direct strokes nearby, 
and will handle many times discharges of 50 amperes 
of two seconds’ duration. It will take care of heavier 
discharges, but at a sacrifice of length of life. It will 
discharge several hundred amperes, thereby keeping 
the voltage on the line below hazardous values even 
if it is destroyed by so doing. 
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Discussion 


C. F. Publow: These comments are contributed as a 
supplement to those given by: 

1. H.C. Don Carlos under Supervisory Systems, see page 218, 
A. I. E. E. TRANSACTIONS, 1926, 

2. Messrs. W. H. Gerrie and C. F. Publow under Automatic 
and Supervisory Control, see pages 1029-34, A. I. E. E. JOURNAL, 
October 1926, and as corrected in December 1926 A. I. E. E. 
JOURNAL, 
which refer to the supervisory and Automatie installation of the 
Hydro-Electric Power Commission of Ontario. 


Protection is always of vital importance and the following 
operating record will deseribe the functioning of the protective 
transformer equipment which the Commission designed and 
installed to overcome conditions outlined in the foregoing dis- 
cussions which had made operation by supervisory control quite 
unsatisfaetory. 


The statement was made on page 1032 (see above) predieting 
the performanee of the proteetive transformers as making the 
supervisory cable installation immune from: 

1. Power lightning-arrester discharge. 
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2. Aninsulator spill-over at the eontrol or either of the 
remote stations. 

These protective transformers were installed in July 1926, 
thus giving up-to-date 114 years of a service record which I 
believe is an enviable one. During this time, frequent electric 
storms have occurred over the district where the system trans- 
mission lines run and for this reason it seems safe to assume that 
the power arresters at all three points have discharged at least 
several times, and no troubles have been found in the cable. 

As to insulator spill-overs at these stations, three have just re- 
cently occurred: twice at the control point where, due to ice con- 
ditions, an outdoor disconnecting switch, when being operated, 
flashed over to ground and possibly later developed a three-phase 
short circuit, the latter one being so severe and relatively long 
(5 or 6 sec.) that some of the generating stations went out of step; 
and the other occasion was an oil-switch bushing failure at one of 


-the remote stations. 


At the control station the outdoor switch in question had its - 
base grounded to the power lightning-arrester ground located 
in the forebay a few feet from the substructure foundation. This 
ground is entirely separated from the station ground proper to 
which the supervisory equipment is grounded. They are, however, 
located only about 50 ft. apart, and thus in reference to the 
ground-voltage gradient which would occur, due to the flow of 
“fault” current, its effect on the telephone and supervisory cable 
would be approximately the same as if both grounds had been 
interconnected electrically. The system neutral is grounded at 
this station, as well as others, the ground being located approxi- 


mately 800 ft. away from the station building and has a resistance 


of approximately 14 ohms. The resistance of the arrester 
ground is approximately 4 ohms as it forms about half of the 
total combined ground resistance at this station of approximately 
2 ohms. 

At the remote station, the oil breaker frame is grounded to 
the station ground of approximately 2 ohms resistance, it being: 
the one to which the supervisory cable is also grounded. 

Connected Capacity. The system had practically its total 
generated capacity in service at the time these "faults" occurred 
and it is estimated that a crest voltage of approximately 8000 
volts to ground existed at the peak of the spill-overs. 

Condition of the Cable. 1. After the first spill-over at the 
control point—on testing the cable after this “Чаш”! occurred, 
it was found to be in exactly the same condition as on a previous 
test some months prior to this and practically the same as when 
the protecting transformers were installed. 

2. After the oil breaker bushing failure at one of the remote 
stations, no test was made on the cable, but it is thought that one 
pair of wires failed at this time as described in (3). 


3. After the second spill-over at the control station—on 
testing after this ‘‘fault,’’ the two wires referred to in (2) were 
found short-circuited, one of which was a spare and therefore gave 
no indieation on the equipment that there was cable trouble. 
However, it happened that one of our meter inspectors was 
listening in over a pair of wires in the supervisory control eable 
in connection with testing the remote metering at the time the 
“fault” occurred, and he reports there was no indication from the 
telephone of any system trouble. For this reason, the assump- 
tion made in (2) has been made. 


Owing to the system not being normally connected when the 
spill-overs at the control point occurred, a number of breakers 
opened to clear the “fault” and split the system into several 
groups. Also on both occasions the “Bell” telephone connection 
(a lead-covered lead) to the control station was disabled and 
fuses were blown on the system telephone, thus rendering the 
station operator isolated temporarily from the dispatcher. 
On the latter occasion he knew from his supervisory indications 
the condition of the remote stations, and on his own initiative 
placed four of the six units in service within a few. minutes 
after the “fault” occurred when they had all tripped off on “low” 
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voltage, caused by the “fault,” an operation expected by the 
operator: the other two machines apparently not pulling in due 
to the low voltage which was approximately 50 per cent normal 
before the four units were brought on, and about 90 per cent 
afterwards. This did not require even the replacing of a fuse, 
an important item under such cireumstances. 

This performance in a ''pineh" is an exceptionally pleasing 
one from an operating standpoint, and one which is very gratify- 
ing to the Commission’s engineers. It should be stated in this 
connection that this supervisory cable, prior to the installation 
of these protective transformers, suffered very severe damage on 
a number of occasions, some of them almost severing all the 
conductors and lead covering and examinations of short lengths 
of eable elose to these damaged portions showed many burnt 
spots in the insulation of pin-hole size. The cable was only 
repaired at the time the protective transformers were installed, 
a number of the eonduetors was not elear, and thus owing to 
this condition, the faulty pair referred to in (2) and (3) above 
does not disturb our eonfidence in the protective transformers. 

We believe Mr. Beck is familiar with the installation referred 
to, and it would be interesting to have him predict the functioning 
of the protective equipment described by him under such 
circumstances. 


Mr. Beck refers to “low” and “high” ground resistances; I 
believe his paper would be more valuable if he were to definitely 
state the values of these ground resistances rather than use 
these relative terms. | 

Chester Lichtenberg: 
standards of protection, maintenance, and operation of telephone 
and telegraph lines were not sufficiently high for supervisory 
purposes. 

With supervisory systems, the lines are predicated to be in 
continuous service, even though no current may be carried over 
them. Therefore, if the lines are interrupted for any reason 
whatever, if they fail, if they are grounded, if they are burned off 
(as was the case in the experience of the Hydro-Electric Power 
Commission of Ontario), the entire supervisory system is 
rendered inoperative, and usually this condition occurs at a 
time of stress and when it is most needed. Consequently, too 
much stress cannot be laid upon the necessity for a high standard 
of maintenance and operation of lines used for supervisory 
systems. 

C. E. Stewart: The paper by Mr. Beck gives a very clear 
and concise analysis of the abnormal potentials induced in line 
wires as ordinarily used for supervisory systems. Where the 
line wires parallel high-tension systems the protection problem 
must be treated in quite a different manner from that employed 
in telephone communication. In systems using d-c. impulses and 
holding or lockout circuits the connections must necessarily 
be metallic from the dispatcher’s office equipment to the sub- 
station equipment. This prevents the use of the insulating 
transformer which is so commonly used as a protective device 
in wire telephony. It also means that the arrester, used possibly 
in connection with choke or retardation coils, must provide 
the entire protection against electromagnetic disturbances 
which, as the author points out, may under certain conditions 
be quite severe. Arresters used for supervisory equipment 
protection must be self-restoring, that is, they must be capable 
of discharging to ground without fusing or making a permanent 
connection as is the case of the carbon blocks used in telephone 
protective equipment. 

That portion of the paper which deals with electromagnetic 
induction should be of special interest to operating companies, 
for this subject seems to be one which has been generally mis- 
understood. 

One phase of the subject which is a bit outside the scope of 
this paper, but nevertheless associated and of interest, is the 
protection of line wires utilizing carrier current for the impulse 
channel. I refer to a wire circuit installed especially for the use 
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of earrier-eurrent supervisory equipment, such as that on the 
Chieago, South Shore, and South Bend Railroad. In this in- 
stallation a wire was strung on the telephone erossarms. For & 
part of its 60-mile length, it is carried on the same poles as the 
33,000-volt power circuits. The use of pellet-type arresters 
with high-voltage fuses at each of the eight stations has satis- 
factorily taken care of lightning, electromagnetic induction, 
and in one instance direct contact with the high-tension system. 
The use of carrier current of course somewhat simplifies the 
protection problem and permits the use of very positive and 
reliable protective equipment. In this installation drainage coils 
eliminate static potentials. | 


Caesar Antoniono: Mr. Beck in his paper stated that if 
the eontrol wires are in eable, then unless the lead sheath is 
fused by the short-circuit power current, high-voltage will be 
kept from the lines. 


This is true, but it is also true that a grounded lead sheath is 
subject to severe burn-out in the case of power lines coming in 
contact with the lead sheath, and invariably the lines are 
damaged by the voltage carried through the cable to the nearest 
fusible cut-out, and sometimes pass that and damage the equip- 
ment, and the restoring of the lines is not a short job. 


Another phase which I may touch on is the trouble with 
bullet holes. This is a trouble which it is difficult to locate and 
will introduce moisture in the cable lines and affect the control 
much more than the telephone. 


I wish Mr. Beck would make more clear to me the paragraph 
in which he says, ‘‘Hazardous voltages of the order of hundreds 
of volts are the object of interest. It 15 therefore not necessary 
to be as particular in the assumption and calculation as would 
be the ease were telephone or telegraph lines concerned in which- 
very small disturbing voltages might cause false signals or 
interruption of the service.” 


If Mr. Beck has in mind that the supervisory control lines are 
not of equal importance with the telephone or telegraph lines, 
I must disagree with him, as we find where the control is em- 
ployed, for switching purposes in particular, the service depend- 
ing on this switching is affected by its failures. . Therefore, our 
experience is that the lines used for supervisory control must 
be in better condition than for telephone use, where in carrying 
out a conversation over the telephone the missing of a word now 
and then is annoying but does not destroy the sense of the 
message. But in the case of supervisory control where selectors 
are used, a reduction of the impulse voltage may cause a failure 
of the switching contemplated, or an indication loss, or even a 
wrong switching may result. 

In conclusion Mr. Beck covers in very fine style the theory of 
protecting the supervisory control lines but if these theories are 
applied in practise they are not going to work out in every 
detail as given. The highest degree of service can be obtained 
from the supervisory control lines and system. But we have 
not yet a control that is nearly 100 per cent reliable when it is 
most needed. In our experience although we have had various 
protective devices on our supervisory lines, we have experienced 
trouble and often the control system has been out of commission 
at times of power-system trouble when it was most needed. 


Summing it up, it seems to me that after having done what 
Mr. Beck recommends, there is still a desire for improvement in 
making the supervisory control system trouble-proof against 
these conditions so as to obtain 100 per cent service during 
emergencies. Protecting the lines is a step in the right direction, 
but any disturbance at this time, even the blowing of a fuse 
during emergencies, can impair and cause inconvenience in the 
service rendered. 

Alfred Herz: (by letter) Mr. Beck’s paper draws attention 
to a condition inherent with physically parallel wire systems 
and which is very often overlooked. True enough, similar 
conditions have been thoroughly investigated and experimented 


Feb. 1928 


upon mostly in the cases of telephone systems physically parallel- 
ing power lines. The forces causing the effect are known, 
precautions and mitigating measures are also known and resorted 
to in this (telephone) practise. 

Committees of engineers have carried on the experiments 
mutually and satisfactory coordination has been accomplished. 
The foremost body to work on this coordination is, without 
doubt, the Inductive Coordination Committee of the National 
Electric Light Association. I am citing the above just to bring 
before you the fact that this inductive effect is nothing new and 
nothing peculiar to supervisory control lines, but is liable to be 
encountered on pilot-wire relay systems and elsewhere. 

To cite an example which came to my attention: The power 
system involved consisted of single-conductor cables (3-phase) 
located underground and in parallel ducts to the pilot-wire 
system which was grounded at both ends. Causes of trouble 
on the power system beyond the zone protected by the pilot 
wires promptly caused the pilot-wire relay system to operate at 
the wrong time. In tracing the matter down we found that 
extraordinary precautions had been taken to keep the pilot 
wire at ground potential; this was accomplished by grounding 
both ends of the system. 

When single-phase trouble occurred beyond the protected 
zone, currents were induced in the pilot wire which were not 
entirely balanced inthe return wire provided, part of the induced 
current returning through the earth. In this particular case 
satisfactory operation was obtained by eliminating the ground 
connection at one end of the pilot system and providing at this 
point a low-voltage lightning arrester, similar to the one men- 
tioned in Mr. Beck’s paper, to guard against the induced voltage 
at the time of trouble causing insulation breakdown. 

From my work with the N. E. L. A. Inductive Coordination 
Committee I know that in many cases more attention should 
be paid to the comparatively simple remedial or preventative 
measures which can often be resorted to more effectively when 
the installation is being made than afterwards. 

Edward Beck: Mr. Publow’s discussion is of particular 
interest in so far as it describes an additional method of cable 
protection where grounding conditions are troublesome. In my 
opinion, the same degree of protection would be secured by the 
use of the arresters described in the paper, provided the cable- 
sheath ground is well separated from the neutral ground so that 
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fault current is kept out of the cable sheath. It would be inter- 
esting to know the resistance of the ground path, including the 
electrodes, between the stations described by Mr. Publow. 

The question of what is a low and what is a high ground resis- 
tance always arouses considerable discussion. For lightning 
arresters on power circuits, a figure of 15 ohms has been men- 
tioned now and again as a maximum. A 15-ohm ground for a 
distribution type of arrester is probably satisfactory although a 
lower resistance is better. For the ground-to-cable sheaths and 
supervisory control protector equipment, the ground resistance 
should be of the same order. Station and neutral grounds 
should be as low as possible, of the order of a very few ohms if 
possible. 

Referring to Mr. Antoniono’s discussion, possibly I did not 
express myself very clearly in the paper when speaking of the 
order of voltages in which we are interested. For the protection 
of these lines, we should like to know whether the voltages which 
may be induced between line and ground are a few volts or many. 
The voltages which are induced between wires are of no particular 
consequence in this case, but they are in telephone practise. 
In order to calculate these voltages between wires which give 
rise to interference, it is necessary to be more exact in the calcula- 
tions than in the ease of supervisory control lines where they are 
not likely to be high enough to cause trouble. It is quite true 
that supervisory control lines are as important as telephone lines, 
perhaps more so, as Mr. Lichtenberg has pointed out, but the 
possibility of interference with the control is more likely to be an 
apparatus failure than interference with signals due to dis- 
turbing voltage between wires. 

With eareful protection as outlined in the paper, much can be 
done toward making the supervisory immune to failures from 
overvoltage. It is difficult to make general recommendations 
which will cover all conditions. There are always exceptions 
and nearly all installations require individual study to achieve 
the best results. Considerable good can be done by scrutiny of 
the problem before the installation is made and by installing the 


lines with the conclusions of this study in mind. Perfection has . 


not been attained. We hope it never will be as it would put a 
stop to progress. But we are of the opinion that better means of 
protecting supervisory control systems are available now than 
formerly, and that by careful application, control failures may 
be reduced to a minimum. 


1926 Lightning Experience on 132-Kv. 


‘Transmission Lines 
BY PHILIP SPORN: 


Member, A. I. E. E. 


Synopsis.—This paper deals with the interruptions due to light- 
ning on an extensive interconnected 132-kv. system during the year 
1926, a similar record covering part of the system having been 
reported previously.2 A layout of the system is shown and details 
of the type of line and tower construction are given in considerable 
detail. 

The lightning performance of different sections of the line have 
been reduced to a common basis and discussed fromthe point of view 
material of line structure, height of line,ground wire, and line pro- 
tective equipment. 

Changes in tower design are discussed in the light of experience 


INTRODUCTION 


N the spring of 1926 there was presented before the 
Institute a paper? on the performance of a number 
of 132-kv. steel tower lines on the system of the 

American Gas and Electric Company which covered in 
detail the performance and experience with these lines 
during the year 1925. Further performance data were 
promised in that paper, but it has not been found easy 
to carry out this promise, made with the very best of 
intentions. In the first place, the lines and system of 
which these data are a part, have not been operating as a 
unified system for a very long period. Secondly, the 
. operating personnel has at no time been particularly 
large. In other words, it has always been down to a 
strict operating basis. Third, when a line goes out of 
service, it is undoubtedly the business of the operating 
man to get it into service with as little delay as possible 
and afterwards try and determine, if possible, what has 
happened. When the excitement of the emergency has 
passed, this often results in a lack of evidence that will 
withstand critical analysis or give any real information 
as to what has happened such as would be of real 
benefit to future design. "That there can be worked out 
an operating set-up which would not overburden the 
system and yet make it possible to obtain all informa- 
tion necessary, there can be no reason to doubt; but it 
takes time to work out such a set-up and with the 
system under discussion that time has been very short. 
Keeping this in mind it is easier to understand why 
some of the records presented are in some respects 
incomplete. They are, however, the best records that 
could be obtained and perhaps that could be expected. 


1. Electrical Engr., Am. Gas & Electric Co., New York, N. Y. 

2. Lightning and Other Experience with 132-Kv. Steel Tower 
Transmission Lines, Sindeband and Sporn, A. I. E. E. Trans., 
Vol. 45, p. 770. 

Presented at the Winter Convention of the A. I. E. E., New 
York, N. Y., Feb. 18-18, 1928. : 


gained in the past. The work done the past year to reduce the light- 
ning troubles at the stations is described. 

The efficacy of the ground wire seems very definitely shown but 
it is believed further study and attention should be given this matter 
as a means of reducing the lightning voltage on transmission lines, 
particularly to reducing the lightning voltage at and near a switching 
station. 

The problem of determining the damage to line conductors, etc., 
is an important one. Data on this are at present incomplete, but tt 
is planned to obtain a systematic record in the future which will, it 
is believed, supply valuable design information. 


GENERAL 


Fig. 1 shows the 132-kv. transmission network in 
question. It comprises approximately 910 mi. of 
actual line, about one-third of which is double-circuit, 
the actual circuit miles being approximately 1245. The 
major portion of this network was placed in operation 
very late in 1925, in 1926, or early in 1927; and one 
portion, (namely, the Switchback-Logan line), has not 
yet been placed in operation at the time of writing 
(November 1927) although it is expected that it will be 
in operation by the end of 1927. 

The nature of the terrain which this network traverses 
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is most varied, ranging from the extremely flat lands in 
Indiana to the heavy mountainous country in West 
Virginia. 

The system is fed by large generating stations at 
Twin Branch, Philo, Windsor, Kenova, Cabin Creek, 
Logan and Glen Lyn. It is tied in with the Chicago 
system and the systems of the West Penn Power Com- 
pany, The Ohio River Edison Company, The Ohio 
Publie Service Company, and the Cleveland Electric 
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Feb. 1928 SPORN: 
Illuminating Company at 132,000 volts. The short- 
circuit capacity on the system varies from approxi- 
mately 1750 amperes to approximately 4750 amperes, 
at 132,000 volts. Values as high as 4000 amperes have 
been actually measured? From a lightning standpoint, 
the network as a whole is subjected to thunderstorms 
considerably in excess of the average over the country 
as a whole. The isoceraunic lines, 7. e., lines connecting 
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NUMBER OF STORMS 


2—À VERAGE MoNTHLY DISTRIBUTION OF 
THUNDERSTORMS 


In N. Indiana, Ohio, Va., W. Va. and E. Kentucky, based x 20-year 
average (1904-23) 


points of equal thunderstorm intensity, for the territory 
in question ranged from 40 to 60 in April, 150 to 200 in 
June and July, and down to about 60 to 80 in Septem- 
ber. All these figures are based on a 20-year period. 
The average number of storms for the territory as a 
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Fig. 3—PeEeR CENT oF THUNDERSTORMS DURING ONE YEAR 


In N. Indiana, Ohio, Va., W. Va. and Kentucky, based on 20-year 
average (1904-23) 


whole, based on the 20-year data, referred to above, is 
given in Fig. 2. 


DESCRIPTION OF LINES AND 1926 PERFORMANCE 
In Table I there is given a description of the physical 


3. Tests on High- and Low-Voltage Oil Circuit Breakers, 
Sporn and St. Clair, Trans., A. I. E. E., Vol. XLVI, 1927, p. 289. 
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characteristics of the various portions of the 132-kv. 
network under discussion. 

The towers referred to in the above table are types 
A, B, C, AA, BB, CO, E, G, H, K, M, P, Ao, Bo. 
Towers A, B, C and Towers G, H, and K, have already 
been described elsewhere. Tower E is a single-circuit 
tower with conductors arranged in a horizontal plane 
and utilized especially on long span work. Towers M 
and P have in general the same dimensions and spacings 
as towers G and K, with the exception of different 
factors of safety for the various loadings being em- 
ployed. Towers A A, B B, and C C, which have been 
utilized on the very recently constructed lines, are very 
similar to types A, B, and C, although the tower is 
quite definitely designed for equal string length on 
all three phases, this being made possible by the use of 
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the ground wire; and further, clearances are better 
balanced with respect to lightning voltage. The tower 
further differs from the previous types in that in its 
design definite provision has been made for the addition 
of a second ground wire if operating experience should 
prove that this is desirable. A sketch of the type AA 
tower is shown in Fig. 4. 


The performance of the lines during 1926, is shown 
in Table II. It will be noted that although some of the 
lines had been in service for only a portion of the year 
1926, for comparison purposes, the number of outages 
has been converted to a yearly basis by the use of Fig. 3. 
Fig. 3 is merely an integration of the thunderstorm 
distribution curve shown in Fig. 2. 

Examining Table II further, it will be noted, first, 
that the largest number of lightning outages occurred 
on the Twin Branch-Lima line. This line was in 


2. Loc. cit. 
4. See Monthly Weather Review, Vol. 52, No. 7, July 1924. 
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service for the full year, and has a length of 12814 mi. 
Based on 100 mi. of circuit, however, it is not at all out 
of line and checks up with similar performance on the 
Lima-Fostoria line, and on the Philo-Crooksville line. 
On the basis of 100 line mi. the largest number of inter- 
ruptions occurred on the Glen-Lyn-Roanoke line, but 
this figure is of course subject to the weakness that the 
line was in service for 6 months only, and there is no way 
of checking up whether the ratio employed for figuring 
the yearly number of interruptions was correct for the 
entire year. 

Of the lines that were in service for an entire year 
the largest number of interruptions per 100 mi. of line 
was sustained by the Logan-Turner line. This is a line 
that has no ground wires and, in addition,’ passes 
through especially rugged country. The length of the 
insulator string on this line is particularly short (as 
shown in Table I) being, in fact, shorter than that of 
any other line with the exception of the Windsor-Canton 
line. Expressed in circuit miles, however, the record is 
rather good. Whether in the case of a double-circuit 
line, however, the method of dividing the total number 
of interruptions by two and calling that the interrup- 
tions per circuit is questionable. It raises the question 
whether such a result can be compared with the number 
of flashovers on a single-circuit line. 

To amplify: Consider the two top wires of a double 
circuit tower line with both circuits subject to the same 
potential gradient. Upon the occurrence of a lightning 
discharge, chance will usually determine which one of 
the two circuits is to flash over first. This assumes, of 
course, that their arrangement is perfectly symmetrical 
and that they constitute the same phase wire in their 
respective circuits. A flashover having occurred on 
one of them, the question arises whether that flashover 
does not reduce the energy in the surge sufficiently to 
lower the head of the wave to such an extent that the 
second wire will not flash over. The fact that among 
all the double-circuit lines the maximum number of 
instances in which both circuits flashed over on any one 
line was only four against a total number of flashovers of 
20 would certainly tend to indicate that some such 
explanation may be the correct one. 

The Roanoke-Reusens line is third in the number of 
interruptions per 100 mi. of line, but the figure for a 
whole year was again obtained by a ratio and is open to 
the same objections as the figures for the Glen Lyn- 
Roanoke lines. The Philo-Canton and the Windsor- 
Canton lines, in spite of the fact that the Philo-Canton 
line generally is exposed to more severe storms than the 
Windsor-Canton line, have practically the same record 
for the year 1926, when reduced to a 100-mi. basis. 
One of these lines, namely the Windsor-Canton line, 
has two ground wires and is considerably lower than 
the Philo-Canton line which has only one ground wire. 
Therecord during 1926 would seem toshow that, from the 
standpoint of reliability the Philo-Canton line, even 
though it has only one ground wire, has been put on a 
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plane of reliability equal to that of the Windsor-Canton 
line. From the data gathered on the Glen-Lyn-Reusens 
line and Roanoke-Reusens line in 1926, it would seem 
that the ground wire on these lines was not so effective 
as it was on the other lines. The ground wire construc- 
tion being in general the same on all of the lines, a 
possible explanation for the large number of flashovers 
may lie in the fact that the tower resistance over the 
lines as a whole is rather high. Some of the operating 
data cited by Hemstreet® showed that there is a definite 
relationship between the number of flashovers and the 
ground resistance in the particular section. This 
phase of the problem is being given further considera- 
tion at the present time. 

An interesting line in the series is the Logan-Sprigg 
line. This line, of wood pole construction, was origi- 
nally built for 88,000 volts and wasoperated for a period 
of about five years at 44,000 volts. At the end of this 
time, additional insulation was added and the line was 
cut over to 132,000-volt operation. The majority of 
the structures are 2-pole A frames with ungrounded 
steel crossarms. The insulation is unusually liberal. 
For a while, when the line was first placed in operation, 
the operating records seemed to indicate an almost 
lightning-proof line, but detailed investigation has 
shown that this was not quite so. Considering the 
shortness of the line,—namely 21 miles,—the record is 
not particularly good although again the record is open 
to the criticism that a full year’s data were not 
available. 

The rest of the data requires no particular comment. 


PERFORMANCE OF PROTECTIVE DEVICES DAMAGE TO 
| CONDUCTORS, INSULATORS, AND HARDWARE 


The records of damage to insulators, conductors, and 
hardware, on the lines is not complete for 1926 so that 
no attempt will be made to give specific data in this 
paper. As already pointed out, 8 out of 17 lines now 
in service were placed in operation during 1926 with 
the result that the method of inspecting the lines and 
the reports of damages thereon have not been suf- 
ficiently organized to make these data accurate for 
analysis. 

The fact is outstanding, however, that only in one 
case has a line been out of service due to lightning 
trouble on it for a period in excess of the time necessary 
to close the line back in service. The one case referred 
to occurred on May 18 on the Windsor-Canton line 
where both circuits tripped automatically due to the 
breaking of two line wires. It is interesting to note 
that this occurred on a line that had been very conserva- 
tively designed from the standpoint of height above 
ground, but on the other hand, it had practically no 
arcing protection. This again substantiates the point 
that in designing a line both preventive and remedial 
measures must be considered. Lowering a line, for 


5. Recent Investigation of Transmission Line Operation, 
J. G. Hemstreet, Trans., A. I. E. E., Vol. XLVI, 1927, p. 835. 
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example, will undoubtedly.reduce the lightning voltage 
which may be induced on the line. Installing a ground 
wire will do the same thing. Both these measures are 
preventive. The purpose of the arcing protective 
devices on the other hand are decidedly remedial. 

Other cases of trouble, such as burned conductors, 


Fic. 5—Resvutt or TypicaL FLAsHOVER oF 132-Kv. INSULA- 
TOR STRING WITHOUT ÁRCING PROTECTION 


(Note badly shattered insulator on ground side) 


6—RresuLT ок TYPICAL FLASHOVER or 132-Kv. INSULA- 
TOR STRING WITHOUT ÁRCING PROTECTION 


Fia. 


(Note top insulator still intact but badly burned) 


burned hardware, and ground wire,—also broken porce- 
lain—were found in moderate amounts by normal 
patrol and repaired at prearranged times without inter- 
ruption to normal service. This indicates that from an 
operating point of view, conditions were very much 
better than during 1925 on the Philo-Canton line. As 
typical of the action of the are on а 182-kv. insulator 
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string with and without arcing protective devices, 
Figs. 5, 6, and 7 are shown. Fig. 5 illustrates the effect 
of a heavy arc on a string without protective devices; 
Fig. 6 shows the action of a less heavy are on a similar 
string. In the original photograph, the burns on the 
top unit are very clearly noticeable. Fig. 7 shows the 
action of an arc on another string equipped with rings 
and horns. The effect of the arc on the rings and horns 
is very clear in the photograph. 


DESIGN DEVELOPMENTS DURING 1927 


The experience gained during 1926 was naturally 
incorporated in some of the design work carried on 
during 1927 and particularly along the following lines: 

1. Whereas in 1926 an extensive program of ground 
wire installation was carried out, in 1927 much more 
attention than in the past was given to a phase that had. 


Fig. 7—HREesuLT or TypicaL FuasHover or 132-Kv. IN- 
SULATOR STRING WITH STANARD RING AND Horn PROTECTION 


(Note burned ring above conductor; also horn tip slightly burned 
Insulator undamaged) | 


been apparently neglected, and that was the problem 
of the line entrance. In every case, the ground wire 
was brought into the station structure and where the 
station structure design allowed, the number of ground 
wires brought into the station -structure was made 
larger than the number on the line itself, all with the 
idea of reducing as much as possible the surge impedance 
of that portion of the system running from the last tower 
to the bus. 


2. In connection with the work discussed above and 
along the lines of limiting definitely the amount of 
overvoltage that can be brought into the station 
apparatus a reduction in the insulating -value on the 
first mile or so of the line coming into the station was 
made, all with the idea of making certain that the light- 
ning strength of the apparatus connected to the bus was 
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equal to, or greater than, the lightning flashover of the 
insulator string on the first mile of line. 

3. In the design of the new lines, where the country 
did not absolutely demand it, the use of tower extensions 
has been kept at a minimum so as to keep the effective 
height of the line at a predetermined level, that level 
_ being determined, of course, by the tower design itself. 
In cases where the topography of the country permitted, 
the tension to which the conductor was pulled up was 
considerably reduced, resulting in a greater sag and a 
closer adherence of the conductor to the contour of the 
earth, with, of course, a net reduction of the average 
height of span above earth. 

4. More attention was paid to the mechanical 
aspect of the arcing protection arrangements with a 
view of minimizing the effects of conductor vibration 
on the protection assembly itself. 


SUMMATION OF EXPERIENCE AND IT’S APPLICATION TO 
TOWER LINE DESIGN 


In the previous paper? on these lines, presented in 
1926, certain conclusions were drawn with regard to 
tower line design. Everything that has happened 
during 1926 would seem to bear out again the conclu- 
sions drawn at that time. There is one point only that 
should be stressed, and that is with regard to the 
question of ground wire. Previously it was pointed 
out that unless a line was very low, generally steel 
tower structures, carrying power conductors of 44,000 
volts and over, should be designed and installed with a 
ground wire. It is now believed that careful considera- 
tion should be given to the question of whether or not 
two ground wires would not in some cases be justifiable 
with of course particular attention to the location of the 
ground wires as regarded the main conductors. The 
experience with lines without ground wires, and particu- 
larly the experience obtained during 1926 on the 
Logan-Sprigg and Turner-Logan lines, would seem to 
prove definitely that it is very hazardous and extremely 
unwise to try to operate a line of the type under discus- 
sion, without a ground wire. The limit to the voltage 
which can be picked up on an insulator string being 
the flashover of the string plus its supporting structure 
to ground, the likelihood of picking up voltages close 
to that limit will naturally be much greater without a 
ground wire than with it. This has been borne out by 
some of the 1927 experiences with klydonographs, to 
which reference will be made later. It is also further 
discussed in the 1927 report of the Transmission 
Committee of the Institute.‘ 


FUTURE DATA 


During the past year, much more systematic record 
was kept of all cases of insulator and conductor damage 
although even that was not what it should be. In the 


2. Loe. cit. 
6. Report of Committee on Power Transmission and Dis- 
tribution, Trans. А. I. E. E., Vol. XLVI, 1927, p. 783. 
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future, however, an attempt will be made to have these 
trouble cases, so far as possible, definitely tied up with 
the cases of lightning trip-outs on the lines. The 
problem of patrolling 1000 miles of line does not lend 
itself to making a patrol after each thunderstorm, апа. 
it is usually the case that damage on the line can be 
assigned to some particular storm only in case such 
damage is sufficiently severe to cause a line outage that 
does not permit the line being placed back at once. 
One is faced therefore with the situation that unless an 
unusually heavy amount is spent on patrolling, it is 
impossible to tie up definitely each trip-out or to deter- 
mine the concomitant damage. In this case, as in 
other cases of the same type, there is undoubtedly a 
happy compromise, and an attempt will be made to 
work this out. 


KLYDONOGRAPH INVESTIGATION 


During the year 1927, in conjunction with the 
Lightning Subcommittee of the Committee on Trans- 
mission and Distribution of the Institute, a compre- 
hensive klydonograph investigation was carried out on 
a portion of the above 132-kv. system. It is planned to 
continue this investigation during 1928, and at the end 
of that time, to summarize it before the Institute. 

Acknowledgment of thanks is hereby made to the 
operating organization of the Appalachian Electric 
Power Company; to that of the Indiana & Michigan 
Electric Company and of The Ohio Power Company 
for their cooperation in gathering together the field 
data, and to Mr. I. W. Gross for his assistance in cor- 
relating it. 


Discussion 

W. S. Kates: The statement is made that, ‘The isoceraunic 
lines, 7. e., lines connecting points of equal thunderstorm inten- 
sity, for the territory in question ranged from 40 to 60 in April, 
150 to 200 in June and July, and down to about 60 to 80 in 
September.”’ 

I should like to know whether these figures refer to monthly 
periods and if they have been weighted in plotting the curve 
of Fig. 2. 

I note in Table II that reference is made to outages due to 
lightning. As Mr. Sporn recognizes in his paper, the obtaining 
of accurate operating data is very difficult, and I should be 
interested to know what assumptions he made and what classi- 
fication was made which determined that outages were due to 
lightning. 

Mr. Sporn’s paper initiates a type of record which has been 
lacking in publication to date, yet which is much to be desired. 
I refer to Mr. Sporn’s attempt to correlate storm data with 
transmission-line performance. | 

Lack of such correlated data was apparent during a recent 
investigation of insulator protective-device performance. Pro- 
ponents of protective devices during such investigation repeatedly 
stated that certain laboratory test performances are confirmed by 
operating experienee. Usually the operating experience referred 
to was the statement that operation on a certain line was better 
after the installation of such a device than previously.  Usüally 
sueh statement was supported by figures of outages per mile 
during a season. For some of the lines referred to, the towers 
and insulators were designed for 100- to 150-kv. operation, yet 
operated only at 44 to 66 kv. In many such cases the protec- 
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tive-device installation was synchronous with the installation 
of the ground wire and the latter might have had equal or greater 
effect than the protective device. As Mr. Sporn differentiates, 


the ground wire is in the nature of a preventive device, whereas. 


the insulator protective device is remedial. In only a very few 
operating records investigated was storm occurrence recorded or 
correlated. Yet the number of such storms seems a fundamental 
factor in the comparison of transmission line performance, 
because it determines the occurrence of most surges causing 
discharge. 

A very striking illustration of the extent to which storm 
occurrence affects line performance when such line performance 
is stated on interruptions per mile basis is presented by the 
remark of G. H. Doan, while discussing Mr. Hemstreet’s paper 
presented to the Institute, June 21, 1927 (Trans. A. I. E. E., 
1927, p. 843). Mr. Doan mentions the operation of a 120-kv. 
system during the year of 1925 without a ground wire and with 
114 automatic switch operations resulting. During the winter 
the line was equipped with a ground wire and the following year, 
1926, there were only 7 operations. As Mr. Doan states, 
the switch operations were reduced 94 per cent. 

From these facts as stated, and using outages per mile per 
year as a basis of comparison, it might be concluded that the 
ground wire of itself reduced automatic operation 94 per cent. 
However, Mr. Doan also states further that the storms passing 
over the transmission line area decreased 47 per cent in number. 
This latter statement places an entirely different complexion on 
any quantitative deductions from this operating record. 

It is interesting to note also that one large operating company 
whose interconnected capacity is several hundred thousand 
kv-a. has, after correlating storm data with outages, decided 
that the essential factor in the elimination of outages is not 
remedial but preventive. 


Storm intensity seems beyond determination or even approxi- 
mation at present. Furthermore, transmission lines are economi- 
cally justified on the basis of operating costs which do not 
include allowances for use of the lines as laboratories. The 
mere statement of the number of storms each season, however, 
would greatly enhance the value of operating records as guides 
for both designing and operating engineers. 


A. O. Austin: As indicated by Mr. Sporn, there are many 
factors which must be taken into account in comparing the 
number of flashovers on various systems. While the length of 
line is usually the best possible base, it is necessary to take into 
consideration other factors such as difference in clearance, 
number of insulators or towers per mile, length of insulator 
string, and the benefit of ground wires. In addition, storms 
vary widely from year to year or in different localities. As yet 
we have no direct measure of the storm factor, but in the course 
of time we shall undoubtedly have improved means of recording 
and gaging this. 

One point to which I should like to call attention is the use of 
the ground wire under conditions which may change its effec- 
tiveness materially. One of the most serious problems for the 
designer of the insulator or transmission line is to prevent the 
flashover of an insulator under an oscillation or after the erest 
of the wave has lowered materially. 

Dr. Norinder has shown that while lightning may be aperiodic, 
severe oscillations are usually set up on the system. Line 
performance together with a study of the characteristics of the 
insulator has long indieated the presence of oscillations on many 
transmission systems which were undoubtedly causing flashovers 
not at the highest voltages, but rather at values considerably 
below the flashover voltage of the insulator under impact. 

While there is little question as to the reduction of the 
maximum voltage at the point of disturbance by the use of 
the ground wire, its effect upon the attenuation or tail of 
the wave should be given careful consideration; otherwise, 
flashovers may result where the insulator system has a relatively 
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low flashover voltage for an oscillation or with a wave having a 
slow rate of decay. Lack of attention to this factor may make 
it possible for a ground wire to subject the station to higher 
effective potentials than where none is used and to cause insula- 
tors to flash at a distance from the point of maximum distur- 
bance or after the voltage has dropped materially. It is under- 
stood that the above applies to disturbances originating out on 
the system. Where a ground wire is used in the vicinity of the 
station only, it will result in lower voltages on station equipment 
due to its absorbing capacity. 

Following the release of a bound charge Q, the resulting poten- 


tial E on the power conductor will be E = -&- where C is the 


effective capacitance of the conductor to ground or objects of 
lower potential. 'The ground wire keeps the maximum induced 
voltage down by inereasing C, 30 to 40 per cent, but has little 
effect upon the charge Q. The charge Q upon the power 
conductor is practically the same with or without tle ground 
wire, particularly where the clearances are large as in the higher- 
voltage lines. Since the losses on the power conductor are very 
high at the peak voltage, but drop off very rapidly as the voltage 
is decreased, it naturally follows that the losses on the conductor 
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Fig. 1—Srupy SnHowiua ErrEecT or GnmgouND WIRE IN 
LOWERING INDUCED VOLTAGE AT Point oF DISTURBANCE AND: 
INCREASE IN VOLTAGE AT THE STATION OR INTERMEDIATE 
Points OVER THAT WHERE No GRouND WIRE IS USED 

Lower Loss iN GnouND WIRE WILL DECREASE VOLTAGE AT 
PorNT or DISTURBANCE BUT TENDS TO REDUCE THE ABSORPTION 
AND ATTENUATION 


will be reduced materially by a reduction of 30 to 40 per cent 
in the peak voltage. Since the charge on the conductor ís 
practically the same, the natural period will also be reduced 
owing to the increased capacitance, all of which tends to reduce 
the absorption of the abnormal voltage. 

This reduction in losses due to the lowering of the maximum 
voltage may result in a higher voltage at a distance in some 
cases as in B in the accompanying illustration over that where 
no ground wire is used asin C. Where the flashover character- 
istics of the insulator are such that they will withstand the 
maximum voltage under the steep wave front in B and will not 
flash over on the tail of the wave or on a resulting oscillation, 
no flashover will take place on the line, although the station may 
be subjected to a more severe disturbance than where no ground 
wire is used. This is particularly true where the ground wire has 
a low resistance and an absorbing power insufficient to offset 
the decreased attenuation. 

If, instead of a low-resistance ground wire, several high-resis- 
tance ground wires are used, the induced voltage and attenuation 
may be as shown in A. As the number and proximity of the 
ground wires, rather than their size, determines the increase in 
the absorbing capacity C, a greater number of high-resistance 
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conductors may be used to reduce the peak voltage at the point 
of disturbance asin A. The total current induced in the high- 
resistance ground wires in A will be greater than in B, and, if 
their resistance is high enough, the J? R losses will be greater in 
A thanin B. 

Since tle energy producing a loss in the ground wire must 
come from the:power conductor, it naturally follows that any loss 
in the ground wire must result in an absorption of energy in the 
power conductor which tends to cause an increased attenuation 
in the voltage on the conductor. This increased attenuation 
tends to reduce the voltage at a distance and also tends to dampen 
out an oscillation. Under this condition, the voltage at all points 
on the system will be lower where the ground wire is used than 
where none is present. Where a high-resistance ground wire is 
used, there may be an appreciable rise in voltage between the 
ground wire and ground at the center of the span. Even though 
this induced voltage may reach 100 to 200 kv. for severe dis- 
turbances, it will probably not reduce the efficiency of the ground 
wire more than 10 per cent which, I believe, is negligible com- 
pared to the absorbing value and increased attenuation due to 
the resistance. | 

As the cost of the ground wire is a very appreciable item on any 
system, its efficiency and effectiveness should be given careful 
consideration, for if improperly applied,.a considerable expense 
may be incurred without any improvement in the operation of 
the system, whereas a ground wire of lower cost, but with better 
absorbing factors, might result in an improvement for all con- 
ditions existing on the system, not only out on the line, but in 
the station as well. 

John Murphy: In the last paragraph on the fifth page 
Mr. Sporn makes a statement regarding some trouble on May 18 
on the Windsor-Canton lines. Не says both line wires broke on 
that occasion. In the next sentence he says that that line had 
practically no arcing protection. I should like to know if I am 
justified in assuming that the breaks occurred at an insulator. 

Н. B. Vincent: The author states that the record of damage 
to insulators, conductors, and hardware on the lines is not 
complete for 1926 so no attempt will be made to give specific 
data in the paper. This being the case, it is evident that an 
accurate analysis cannot be made with respect to attributing 
a particular outage or interruption to a specifice damage. How- 
ever, it would have been interesting and possibly very valuable 
at least to know what damage, that is, as a total, has occurred 
to the insulator, and particularly the damage to individual units 
with respect to their location in the string. 

Assuming that the primary object of the overhead ground wire 
and insulator protective device is to reduce the number of 
flashovers, and secondly, to convert extended into momentary 
interruptions, the ideal protective device should also protect the 
porcelain from damage. 

To illustrate my point, on a recent power test of insulator 
protective devices, a device installed at both top and bottom 
of a string of a given number of units functioned satisfactorily, 
in that no porcelain was damaged. The top portion of the 
device was then changed to a different type. On test, this new 
set-up disclosed that 2 units in the string had broken. Yet in 
both cases under operating conditions, in so far as interruptions 
to the system are concerned, the records would have been identi- 
cal, as the damaged string undoubtedly would have held operat- 
ing voltage. 

So without a record of the physical damage, the true efficiency 
of any particular insulator protective device naturally can be 
questioned. 


The author in Figs. 5 and 7 clearly shows the resulting damage 
due to lack of arcing protection, so one could infer that with the 
protection shown in Fig. 7 no damage would occur. | 

I should like to ask, therefore, if my inference is correct, 
namely, that in the performance record submitted, in those lines 
protected, as in Fig. 7, no insulators have been damaged. 
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E. D. Eby: Mr. Sporn's paper is another example of the 
inereasing attention being given to the line insulation and its 
relation to connected apparatus. The amount of data collected 
and its analysis according to the various factors in the problem, 
must be and are of vital importance in forming conclusions which 
are expected to influence subsequent practise. 

There is a two-fold purpose in these studies: one, the pro- 
tection of the line, the other, protection of the station apparatus. 
While statistics on line construction and performance are being 
collected and made available for study, there are practically no 
correlated data presented pertaining to the transformers, oil 
circuit breakers, and protective equipment. Of course, the cases 
of transformer failure, bushing flashover, etc., are rare compared 
to insulator trouble; but if there could be presented along with 
the insulator data a statistical record of connected apparatus 
as regards general type or design, test voltages applied, flashover 
voltage in the case of bushings, kind of protective equipment 
used and how installed, and the nature of failures when such 
occur, it should become possible to analyze the latter much more 
intelligently, and to decide upon botli line and apparatus design 
more accurately. 

Might I suggest, therefore, that such tables as Mr. Sporn’s 
paper contains be supplemented in this and similar instances 
with a record of the characteristics and performance of connected 
apparatus. This would be very useful, for example, in checking 
the selection of high-voltage bushings for transformers and oil 
circuit breakers. In the past this selection has been made with- 
out reference to the line insulation, being based almost wholly 
upon the system rating and the test voltage of the apparatus. 
Such data would serve to check former practise, and guide the 
designers of high-voltage apparatus at a time like this when the 
relation of line insulation and apparatus insulation is being 
closely scrutinized and in some respects undergoing marked 
revision. 

J. Н. Cox: (communicated after adjournment) In the solu- 
tion of any lightning problem a large amount of data is necessary 
due to the scarcity of lightning strokes in any given spot. For 
this reason papers like Mr. Sporn’s are very desirable; only by 
the summarizing of a large amount of operating experience can 
we obtain a check on the performance of various features of lines 
in connection with lightning. 

In taking data on the performance of lines when subjected to 
lightning, it is quite important that data on the number of 
storms be included as was done by Mr. Sporn? The United 
States Weather Bureau has found that the number of thunder- 
storms in any locality per year is remarkably constant. Jt is 
therefore possible that many of the expressions to the effect 
that the lightning in 1925 was much more severe than in 1926 
and 1927, are inspired by the improved performance of many 
lines during the past two years due to the installation of ground 
wires following 1925. 


Mr. Sporn has mentioned the comparison of the lightning 
strength of line insulation and of apparatus. Such a com- 
parison is significant when considering the effect on apparatus. 
of impulses which have been relieved by flashing over the 
adjacent line insulation. It must be remembered, however, 
that from the point of view of continuity of service the impulse 
ratio of suspension insulators is unity. That is, when any 
impulse, with a duration equal to those of lightning surges, is 
only slightly higher than the 60-cycle crest flashover of the 
insulator, a flashover will result. 


Mr. Sporn has made a practise of continuing the ground wires. 
into the station structure. I have made some calculations on the 
effect on a traveling wave of discontinuing the ground wire at. 
the last tower out of a station. At such a point there is a change 
of total surge impedance and there will be a partial reflection 
of the wave. Calculations indicate that this reflection will cause 
an increase of the surge of the order of 15 per cent. Therefore, 
it seems well worth while to bring the ground wires into the 
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station structure, or even to increase the number of ground wires 
on the last few spans. 

Mr. Austin stated in his discussion that a lightning stroke is 
followed by an oscillation. In klydonograph tests on all types 
and voltages of lines, at from 10 to 50 locations, mostly the larger 
number, over four years, not a single record has shown lightning 
to be followed by an oscillation except where a flashover has 
resulted; and only on isolated-neutral lines has the oscillation been 
of more than one or two highly damped cyeles. It is recognized 
that the flashover of porcelain insulators is reduced when sub- 
jected to a sustained high-frequency oscillation, but since such 
oscillations never exist on lines except those with ungrounded 
neutral, and then only after a flashover has already occurred, one 
cannot be greatly alarmed at such reduction of flashover. 

Mr. Austin states further that a flashover has been experienced 
when the voltage recorded was less than the 60 cycle crest 
flashover of the insulation, but he did not state the circumstances. 
In klydonograph tests, a flashover is frequently experienced and 
the corresponding voltage recorded very low. It has also been 
determined, however, that a very high-voltage surge attenuates 
to a small fraction of its magnitude in a very few miles, and there 
is absolutely no reason to believe in the above mentioned cases, 
that the flashover was caused by a low value of voltage. Un- 
doubtedly a higher voltage existed at a distance from the mea- 
suring station, and the flashover took place at that point. 

It is well known that the amount of protection afforded by 
ground wires is greater, the greater the geometric mean radius 
of the ground wires and the less the geometric mean distance of 
the ground wires from the conductors being protected. It is 
obvious, therefore, that two small ground wires are more effec- 
tive than one large ground wire, and any means of increasing the 
geometric mean radius of the ground wire, without a proportion- 
ate increase of the geometric mean distance from the conductors 
being protected, is an improvement. 

Philip Sporn: Mr. Kates has raised some questions with 
regard to the isoceraunic figures. The figures shown in Fig. 2 
were obtained by dividing by 20 the isoceraunic figures as 
published in the Monthly Weather Review referred to. The 
figures published in the review give the total number of storms 
per month over a 20-year period. That is, all the storms in that 
month have been added together, and the figure 80, for example, 
means that over a 20-year period of Aprils, there were 80 storms. 
The average for one year, therefore, is of course 4. 

The Weather Bureau, incidentally, las stopped gathering the 
data from which it obtained isoceraunic curves because their 20 
years of observation have convinced them that any further data 
would be merely a further check on the data obtained so far; 
that over a period of years the data repeat so closely that there is 
no value in continuing the gathering of further data. 

Mr. Kates also brought out the point that data as to storm 
occurrence are very important in the determination of the operat- 
ing performance of lines, and they are particularly important 
in any attempt to draw conclusive information from the operat- 
ing experience. 

I wish to say that I decidedly agree with him, and on our 
system now we have inaugurated an arrangement for keeping 
very complete track of this, but I do believe that, in the absence of 
any other data, the information as given in the Monthly Weather 
Review referred to, can be utilized, and very effectively, in 
designing. That is, you don't have to keep data of your own, if 
you examine the information already obtained by the Weather 
Bureau, to see that it is fallacious to try and apply experience 
obtained, say, in California to line conditions in Florida or 
thereabouts. 

In California, as I recollect it, the 20-year isoceraunie at the 
period of maximum storm runs from about 8 to 10. In Florida it 
runs around 360. Operating experience obtained, as I say, in 
California cannot be applied directly to design in Florida or 
design in territories sueh as those diseussed in this paper, where 
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we do not have quite the heavy storms that are experienced in Ше 
South, but where we are not far from it. 

Another question that has been raised is how we obtain the 
outages due to lightning. We do not claim that the data are 100 
per cent correct, but they have been obtained and checked very, 
very carefully. Three sources were utilized for obtaining them. 
In the first place, arrangements had been made for a special 
record to be kept of those outages that did oceur during lightning 
storms. The log of every station on the system was carefully 
scrutinized and every reference to a lightning storm checked 
with relay action. Then the relay records, which are kept 
independent of any other records, were again gone over, and 
whenever any one of the three sources showed possibility of light- 
ning action, it was checked against the other two, and if it could 
be substantiated as a lightning record, it was accepted as such. 
If the majority of the data based on the three sources indicated 
that some other cause was responsible for the trip-out that cause 
was accepted and the lightning rejected as the cause. 

In Mr. Austin’s discussion, mention was made of a flashover 
at 400,000 volts on a system that I think could stand a crest 
voltage of 1,100,000 volts. We have had a very large number 
of klydonographs this year on our 132-kv. system and the system 
flashover value of that order, 7. e., 1100 kv., yet we have never 
obtained a record of a flashover at an insulator string where the 
klydonograph record showed as low a voltage. I think it would 
be very interesting if these data could be further substantiated. 

Another point made by Mr. Austin in connection with the 
ground wire was that beneficial effects could be obtained on a 
low-voltage system by skipping the grounding on the poles. 
We have done that to a considerable extent, but have apparently 
secured something in addition to what we expected to get. That 
is, we never did it with the idea in mind of getting better action, 
but did it to save cost of grounding, and figured that the effec- 
tiveness of the ground wire was still sufficiently good even with 
the skipped grounding points. 

A question has been raised as to just where the conductor 
broke, in the ease of the conductor failure cited on the fifth page. 
Two wires were broken on one circuit and one on the other circuit. 
The middle wire was cut by lightning on No. 1 circuit at the 
point of attachment and it was apparently a clear flashover, or 
lightning break. The dropping of the middle conductor on the 
bottom phase of No. 1 circuit caused it to burn down and it, too, 
was broken as well as the bottom phase of circuit No. 2. 

The top insulators of the strings on both middle and bottom 
phases on circuit No. 1 were burned, as well as the top insulators 
on the string on the bottom phase of the second circuit. The 
lines at this point were equipped with arcing horns on the line 
side only, but no damage was found on these horns. 

Mr. Vincent in his discussion brouglit out the fact that he 
believed the function of the protective device was to hold back 
the number of flashovers, and later on, when tle condition of 
flashover did occur, to prevent damage to the insulators. At 
132,000 volts, I do not believe we get enough effect on the pro- 
tective devices that have been developed so far, at any rate, 
to act much in the way of holding back flashovers. That is, we 
don’t get sufficient grading at 132,000 volts to increase the 
lightning flashover of the string at high voltages, but at 220 
kv. it indoubtedly does come into play. I do not think it comes 
into play at 132,000 volts. 

Regarding the performance of the insulator strings with and 
without protective devices, particularly in Fig. 7, we have 
qualitative data—it is not quantitative, otherwise we would 
have published it—to show definitely that in general the trend is 
as shown by Figs. 5, 6, and 7; that is, we get very little burning, 
and in many cases none at all, with the protective devices, and 
we get considerable burning and in many cases heavy breaks 
where we don’t use them. | 

In conclusion, we plan to continue these studies and- ‘hope 
that in the next few years we shall get much more valuable data. 
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Synopsis.—Potential from high-voltage circuits is obtained by 
means of capacitance transformers. This potential is applied to 
the grid circuit of vacuum-tube amplifiers, the output from which 
drives a rotating type of synchroscope. Thus the vacuum-tube 
synchronizing equipment makes unnecessary: costly high-voltage 


HE increasing number of power system inter- 
connections makes synchronizing of high-voltage 
lines almost a necessity. Potential transformers 

for 110 kv. and above, which have been almost uni- 
versally used for synchronizing, are costly. A new 
method of obtaining transformation from a high voltage 
to a low voltage by means of a simple capacitance, 
the amplification of this controlling potential to an 


appreciable amount of power, the utilization of the © 


output from the amplifier for operating a rotating type 
of synchroscope makes possible, economically and 
practically, the almost universal adaptation of high- 
voltage synchronizing. 


Fic. 1—182,000-Уоіт Busine EqQuiPPED WITH САРАСІ- 
TANCE TRANSFORMER SHOWING FLEXIBLE LEAD AND ScHEMATIC 
DIAGRAM OF CONNECTIONS 


-= Description of Units. The vacuum tube synchroniz- 
ing apparatus as developed for commercial service 
consists of the following units: 

a. Capacitance transformer bushing. 

b. Outdoor amplifier. | 

с. Indoor amplifier and power supply. 


Capacitance Transformer Bushing. Bushingsequipped 
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transformers, which have been atmost universally used for synchro-. 


mizing in the past. 

The paper describes the commercial apparatus, gives equations 
pertaining to the vacuum-tube amplifier and shows calculated and 
measured characteristic curves. 


with capacitance transformers, (Fig. 1), are of the 
regular flanged-clamped oil-filled porcelain design, 
similar in external appearance апа construction 
to the standard line of General Electric Company's 


oil-filled bushings. "This added feature does not in any . 


way affect the normal functions of the bushing when it 
is used with power apparatus. Where power apparatus 
bushings are not available and it is desired to use such 
a bushing, it may be mounted in a separate tank and 
installed in any convenient place, either in or out of 


+ 
<= 
— 
ама - 

nr 
— 

Lo 
— 

m 77 
cT 

— 

à 


Frc. SORTANT TRANSFORMER Вовніма MOUNTED 
IN TANK 


doors (Fig. 2). The capacitance transformer enables 
these bushings to be used with vacuum-tube equipment 
in place of instrument potential transformers for 
synchronizing. 

The necessary voltage for the grid-filament circuit 
of the amplifying tube is obtained from a high-capacity 
condenser within the bushing. This capacity is in 
series with the bushing capacity, the total line-to-ground 
potential of the system being. impressed across both. 
The voltage obtained across either condenser is inversely 


proportional to the capacity. The secondary potential 


is approximately 35 volts. The high-capacity con- 
denser consists of two layers of thin copper sheets 
separated by a treated paper dielectric and all 
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wound on a herkolite cylinder. The outer layer of 
copper is grounded to the ground sleeve and a soldered 
connection to the inner copper layer is brought out 
through a terminal, fitted in the ground sleeve. As 
shown in cross-section drawing, Fig. 3, this terminal is 
encased by a metal housing to prevent exposure of any 
live metal. 

The outstanding features of this method for obtaining 


. low potential from high-voltage transmission lines are: 


a. Since the condenser is mechanically constructed 
within the ground-sleeve boundaries, the presence of 
external metal such as power apparatus tank, ete., 
does not have any effect upon the capacity and therefore 
the ratio of transformation remains constant. 

b. Changes in atmospheric conditions, such as 


rain, snow, or air impurities deposited on the bushing . 


surface do not affect the ratio of transformation. 
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Fic. 3—Cross-SECTION DRAWING SHOWING METHOD OF BRING- 
ING OUT TERMINAL FROM CAPACITANCE TRANSFORMER 


с. Any normal temperature changes either increase 
or decrease both series capacities proportionally and, 
therefore, the ratio remains constant. 

d. Since a very small load for the amplifying 
equipment is taken off the low-voltage side, the ratio 
is not affected. 

e. The low secondary potential of approximately 
35 volts in no way endangers the operation of the 
bushing or connected apparatus, even at potential 
which may flash over the bushing. | 

Outdoor Amplifier. The outdoor amplifier consists 
of a PT-210 power tube with its associated filament 
transformer and bias resistors mounted in a steel 
weatherproof box. This unit is a complete single- 
stage amplifier. The voltage obtained from the capaci- 
tance transformer is impressed on the grid of the tube 
and the output delivered to the primary оѓ the inter- 
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stage transformer which is located on the indoor ampli- 
fier panel. 

The secondary potential from the capacitance 
transformer is divided by means of a 600,000-ohm 
potentiometer so that 1726 volts are delivered to the 


Fig. 4—SiNGLE-UNIT OUTDOOR AMPLIFIER 


grid of the tube. The amplification constant of the 
PT-210 tube and the ratio of the interstage transformer 
are such that the voltage applied to the grid of the 
second stage of amplifieation on the indoor panel is 
35 volts. The potential from the capacitance trans- 
former cannot be successfully applied directly to the 


Fic. 5—DovnBrLE-Uwir OUTDOOR AMPLIFIER 


grid of the second-stage amplifier tube since the d-c. 
grid current of this tube with normal negative bias 
is sufficient when flowing through the 600,000-ohm 
resistance across the low-voltage terminals of the 
capacitance transformer to alter the effective bias 
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voltage, so that the tube operates on an undesirable 


portion of its characteristic curve. 
amplifier unit is shown in Fig. 4. 

Two single outdoor amplifiers can be combined 
so as to make a double outdoor amplifier, as shown in 
Fig. 5. Double units are usually used when syn- 
chronizing directly across oil circuit breakers as this 
facilitates mounting and reduces the number of neces- 
sary connections. 


A single outdoor 


X fee % 


6—Vacuum Туве SyYNCHROSCOPE INSTALLATION 
SHOWING OuTboon UNIT AND LEADS 
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One capacitance transformer:must be connected to 
the same phase on each side of the oil circuit breaker 
used for synchronizing, and connections made to the 
corresponding grids of the amplifier tubes. These 
units are preferably mounted near the capacitance 
transformers (Fig. 6) in order to reduce stray capacity 
effects across the secondary side. 

Indoor Amplifier and Power Supply. The indoor 
amplifier is mounted on a panel of standard switch- 
board design. It is intended for mounting along side 
of the main switchboard, although it can be placed 
in any other convenient location in the station. A volt- 
meter for indicating the plate voltage to the tubes, a 
rheostat in the field circuit of the plate and bias- 
voltage generators, and a fused switch for opening the 
voltage supply circuit to the motor generator set are 
located on the front of the panel. 

On the back of the panel are mounted two separate 
single-stage power amplifiers requiring two PR-11A 
tubes. The undistorted power output which can be 
obtained from one of these tubes is approximately ten 
volt-amperes. The grid of each tube receives its 
excitation through the interstage transformer from the 
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. 110 volts for operating the synchroscope. 
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outdoor amplifiers. An output transformer is con- 
nected in the plate circuit of each tube and supplies 
The slight 
phase shift in voltage through the amplifier and trans- 
former is corrected at 60 eycles by connecting the proper 
value of capacitance load across the secondary terminals 
of the output transformer. A metal grill is provided 
for covering the apparatus mounted on the back of the 
panel. The plate connections are made under the grill 
which eliminates any exposed high-voltage circuits. 

All power for operating the vacuum-tube equipment 
is obtained from a small four-unit motor-generator 
set. The power supply for operating the set can be 
taken from the station battery or any other suitable 
voltage source. An automatic starter is located on 
the indoor panel which puts the motor generator set 


-in operation, as soon as the control circuit is closed, by 
insertion of the synchronizing plug in the proper re- 


ceptacle in the switchboard. 

The synehroscope is а 716 in. diameter instrument 
giving the usual indications of fast, slow, and syn- 
chronism. In the experimental installation the syn- 
chroscope was mounted on a swinging bracket at the 
end of the switchboard. On the adjoining bracket was 
mounted a synchronism indicator operated from po- 
tential transformers which in this installation were used 
to check the operation of the vacuum-tube-operated 
synchroscope. This installation has been in daily 
service for over a year proving its simplicity and 
reliability in actual service. 


APPLICATION 


The construction and operation of the synchroscope 
equipment is such that it is easily adapted for any num- 
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Fic. 7—ScHematic LAYOUT FoR SYNCHRONIZING BETWEEN 
DovBLE BUSES AND A NuMBER OF INCOMING LINES 


ber of incoming lines. When synchronizing is to be 
accomplished between a number of incoming lines and 
double busses each incoming line must be equipped with 
a capacitance transformer but it is only necessary to use 
one capacitance transformer for each bus. Such an 
arrangement is shown in Fig. 7. The act of synchro- 
nizing, using the vacuum tube equipment, is exactly the 
same as when potential transformers are used. Thus, 
the operator inserts the synchronizing plug which 
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automatically places the tube apparatus in operation 
causing the synchroscope to revolvein the usual manner. 

It is of importance to note that one winding of the 
synchroscope may be excited from a potential trans- 
former and the other winding excited from the vacuum 
tube amplifier without upsetting the phase relations 
on the synchroscope. A number of such installations 
have been made. 

The life of vacuum tubes is relatively long and, from 
records of test data, should be about ten years of service 
operating on an average of fifteen minutes each day. 
Thus the maintenance of the apparatus is reduced to a 
very low degree. 


THEORY AND CHARACTERISTICS 


The capacitance transformer has a constant ratio and 
zero phase-angle shift with varying frequency and 
voltage, provided there is no external circuit connected 
to it. When the potential of the capacitance trans- 
former is applied to the amplifier, a resistance, R, Fig. 
8, and the tube input impedance are connected in 
parallel with capacity, C». The tube impedance at 
60 cycles, is very high as compared with the impedance 
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SCOPE EQUIPMENT 


of either С» or R and can be neglected. The relation 
between Es and g is expressed by the following 
equation: 

| ; КЕ | | 7 о) C; R 
ЕЕ | 1r joR(C;4 C9 


in which w = 2 7 f, and the other symbols refer to Fig. 
12. Both the voltage ratio and the phase-angle shift 
of the capacitance transformer and resistance combina- 
tion, can be obtained from this equation. | 


(1) 


E 
This equation shows that the voltage ratio CE. 


is independent of voltage but varies with frequency ` 


and resistance. A numerical example will show the 
mangitude of these variations. A particular 110-kv. 
(63.5-kv. line-to-neutral) installation has the following 
constants; C, = 0.000050 uf, С, = 0.0772 wf, and 
R = 600,000 ohms. The variation of voltage ratio 
with resistance is shown by the curves B and C, Fig. 9. 
The calculated curve B checks the measured curve C 
very closely. These curves show that the voltage ratio 
does not appreciably change with a considerable 
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decrease in resistance. Therefore, the ratio is inde- 
pendent of leakage change within the capacitance 
transformer, which measurements show to be approxi- 
The ratio of the capac- 
itance transformer mentioned above is 1547 at 60 
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cycles. At 50 cycles the ratio is increased 0.05 per cent 
and at 70 cycles it is decreased 0.04 per cent, hence 
the ratio may be considered independent of frequency. 

There is a phase shift through the capacitance trans- 
former when a resistance is connected across it, and this 
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10—PHAsE-ANGLE CHARACTERISTICS OF CAPACITANCE 
TRANSFORMERS 


phase shift is dependent on both resistance and fre- 
quency but is independent of voltage. A curve com- 
puted from equation (1) showing the variation of this 
phase-angle change with resistance is given in Fig. 10. 
Thus 600,000 ohms gives a phase-angle shift of 2.75 
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deg. , 500,000 ohms 8.8 deg., and 700,000 ohms 2.4 deg. 
at 60 cycles. At 70 cycles and 600,000 ohms the phase- 
angle shift is 2.4 deg. At 50 cycles the shift is 8.8 deg. 
That is, the secondary voltage Es leads the line-to-. 
neutral voltage a small amount, due to resistance load, 
and changes slightly with change in frequency. 

The vacuum tube amplifier, which is used to supply 
the power to the synchroscope, has characteristics which 
affect the over-all operation of the equipment. The 
complete theory of a vacuum tube amplifier is beyond 
the scope of this paper, but an approximate theory will 
be developed to show its general operation. The 
schematic diagram and the equivalent diagram of the 
a-c. circuits of a single stage of transformer-coupled 
amplification is shown in Fig. 11. The expression for 
Е, the load voltage, can be written 

| Z 

Eo = —– р Es xo (2) 
where 
Eo = Load voltage referred to primary of transformer 
и = Amplification constant of tube 
Е, = Applied grid voltage 
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Fig. 1ll—DiAGRAMS or SINGLE-STAGE AMPLIFIER 


Zo» = Load impedance referred to primary of 
transformer | 
Z: = Total impedance of tube-plate circuit. 


The negative sign of the right side of the equation 
indicates a phase shift of 180 deg. through the tube 
itself, but since transformer coupling is used this phase 
shift can be corrected by proper choice of transformer 
connections. 

Equation (2) shows that the voltage ratio of the 
amplifier is dependent on the tube-plate impedance and 
load impedance. The load impedance is independent 
of applied voltage and in a properly designed amplifier, 
the tube-plate impedance is independent of applied- 
grid-voltage. Under these conditions, the voltage ratio 
through the amplifier is constant for varying voltage 
input. Also, since these two impedances are indepen- 
dent of voltage, the phase shift through the amplifier 
is constant with varying voltage. 

The effect of frequency changes on the operation of 
the amplifier can also be predicted from equation (2). 
This equation may be rewritten in the following form: 


T ERE ] 3 
Eo = – р E: РВ. +} Хх, | (3) 


where R, = В, + R; and, hence, is always larger than 
Ry. As Xy increases with frequency, the fraction on the 
right side of equation (3) increases but approaches 
unity as a limit. This shows that the overall amplifi- 
cation of the stage increases with frequency, but ap- 
proaches a definite limit. The percentage increase in 
voltage is less, however, than the percentage increase 
in frequency. 

The phase angle between E, and E, can be obtained 
from equation (3) and is given by the following 
expression: 


BEP. C . XL 
0 = tan R, ~ tan” R, (4) 
Now Б, > Ro 
h Xr Хү, 
епсе | В, > -R 
Xr 
and tan R > tan 
0 


The angle 0 is therefore positive, and E, leads E, by 
this angle. As the frequency increases the two ratios 
Xı/Ro and X,/R, increase in proportion and a con- 
sideration of the antitangent functions will show that 
the angle 0 decreases with an increase in frequency. 

The above discussion explains the general operation 
of a vacuum tube amplifier with inductive reactance 
in the load. If, however, the secondary of the trans- 
former is loaded with capacitance until the reactive 
component of the load impedance is capacitive then the 
term j X, in equations (3) and (4) is replaced by 
—j 4X, Under this condition it сап be shown in the 
same manner as before that with an increase in fre- 
quency the amplification of the stage decreases, and the 
phase shift through the stage increases and is always 
negative. 

The commercial apparatus utilizes a two-stage 
amplifier. Now, if 6: represents the total phase-angle 
shift from phase voltage of line to voltage across syn- 
chroscope, 0, the shift through the capacitance trans- 
former, 0; the shift through the first stage of amplifi- 
cation and 6; the shift in the second stage then 

0: = 0; + 0; + 0, (5) 
By connecting sufficient capacitance in parallel with the 
synchroscope, the angle 0, can be made negative and 
equal to 0, plus @2, and, hence, the total angle shift is 
zero. With a given capacity, this condition exists for 
one frequency only and the value of the capacity in the 
commercial equipment is so chosen as to compensate at 
the operating frequency. 

The curve of Fig. 12 shows the angular error in posi- 
tion of the synchroscope when using the amplifier on one 
side and a potential transformer on the other. "This is 
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equivalent to the shift through the amplifier, as the 
angular error due to the potential transformer is negli- 
gible. The maximum error within the range of 50 to 
70 cycles is only 7 deg., or only slightly greater than one 
min. on the dial of a clock. The device is, therefore, 
satisfactory when used in combination with a potential 
transformer. 
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One winding exciter from potential transformer 
One winding exciter from vacuum tube amplifier 


Fig. 18 is a curve showing the angular error when two 
amplifiers are used. In this case the maximum error 
is reduced to 3.8 deg. which is scarcely discernible on 
the synchroscope. 


SUMMARY 


The capacitance transformer in no way affects the 
electrical characteristics or functioning of the high- 
voltage bushing in which it is mounted. . The ratio is 
constant under changes in weather conditions. The 
secondary potential is 35 volts under normal operation, 
giving relatively low potentials under impulse flash- 
over of the bushing which in no way is dangerous to the 
apparatus used in conjunction with the bushing or to 
the circuits connected to the capacitance transformer. 
The cost of the capacitance transformer feature when 
added to a high-voltage oil-filled bushing is nominal. 

The outdoor amplifier is mounted close to the 
capacitance transformer in order to reduce to a mini- 
mum the capacity effect introduced by connections. 
The power amplifier may be located any reasonable 
distance from the outdoor unit. Synchronizing with 
the vacuum-tube-operated synchroscope requires no 
unusual operation on the part of the operator. 

The life of the amplifying tubes should be ten years 
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or more, operating for a period of 15 minutes each day. 

The ratio of the capacitance transformer is not 
affected by voltage change of the system; it changes 
with decrease in shunt resistance but is negligible with 
a decrease in resistance down to 300,000 ohms. The 
normal leakage resistance of the capacitance transformer 
is approximately 100 megohms, and therefore the ratio 
is independent of internal leakage. The ratio change 
is 0.05 per cent at 50 cycles and 0.04 per cent at 70 
cycles, hence may be considered independent of 
frequency. 

The phase-angle shift changes slightly with change 
in frequency, being 2.75 deg. at 60 cycles; 2.4 deg. at 
70 cycles; and 3.3 deg. at 50 cycles with a 600,000-ohm 
shunt resistance. 

The commercial apparatus utilizes a two-stage 
amplifier which introduces possible phase-angle errors 
which are compensated at operating frequency by 
connecting a capacity load across the output circuit. 
The maximum angular error in position of the syn- 
chroscope hand between 50 and 70 cycles, with one wind- 
ing excited from a potential transformer and the other 
winding from the amplifier, is only 7 deg. orslightly more 
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than one min. on the dial of a clock. It is therefore 
satisfactory when used in combination with a potential 
transformer. 
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Condenser-'l'ype Bushing 
Used With Synchronizing Equipment 


BY E. E. SPRACKLEN,' 


Member, A. I. E. E. 


Synopsis.—This paper describes apparatus recently developed 
for utilizing the charging current of a condenser bushing in operating 
a synchronoscope, thus making a simple and inexpensive method 
of synchronizing at high voltage. Data are given also covering the 


HE rapid advancement of superpower systems 
has increased the demand for a simple and 
economical high-voltage synchronizing device. 

In order to meet this demand there has been de- 
veloped a condenser-bushing potential device which 
utilizes the inherent capacity potentiometer charac- 
teristics of the bushing in providing a source of low 
voltage which can be used in synchronizing. 

This device is relatively inexpensive, is simple, easy 
to operate, requires small space, and is accurate enough 
for most synchronizing applications. 

The following paper will discuss this device with 
particular reference to (1) reasons for high-voltage 
synchronizing, (2) previous methods, (8) general theory 
of bushing potentiometers, (4) commercial form of the 
device, (5) performance on test, and (6) application, 
and finally will give an account of the first installation 
of the device in the field. 


NECESSITY FOR HIGH-VOLTAGE SYNCHRONIZING 


The locations where high-voltage synchronizing are 
advantageous are as follows: 

1. At high voltage (110 kv. or over) switching 
stations where it is necessary to connect two systems 
and where no low-voltage circuits are available. 

2. At high-voltage transformer stations where the 
high voltage is reduced to a medium value (approxi- 
mately 66 kv.) and where the high-voltage synchro- 
nizer is less expensive than medium voltage potential 
transformers. 

3. In stations where instrument potential circuits 
are available, but where extensive switching operations 
are necessary to use these instrument potential circuits 
for synchronizing. 


PREVIOUS METHODS AND THEIR LIMITATIONS 


Hitherto there have been in general but two methods 
of reducing voltages for synchronizing. The first was 
the use of a potential transformer and the second was 
the use of a glow tube in connection with an insulator 
string. The disadvantages of the potential transformer 
are that it is expensive, bulky, and usually requires 
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operalion of the device for different conditions of frequency, voltage, 
etc., thus assisting in the consideration of the adaptability of the 
device to other applications. An account of the first installation in 
the field is also given. 


quite long high-voltage leads. Also, if used, fuses and 
current-limiting resistances add complications. 

The operation of the glow-tube device depends on the 
charging and leakage currents of the insulators. Three 
glow tubes are connected to intermediate points on the 
insulator strings of the three phases. This connection 
produces an apparent rotation of the light intensity of 
the three tubes thus giving an indication of the relative 
frequency of the two systems. 

This system has three inherent defects; the first is 
that the capacity of the insulators is small, and most of 
the current is leakage current on the surface of the 
insulator, subject to variations depending upon the 
cleanliness and amount of moisture upon the insulators. 
The second is that the glow of the tubes is faint, thus 
making the reading of the synchronoscope difficult. 
Third, the leakage and capacity of the lead wire to the 
synchronoscope reduce the current available for the 
tube. The combination of these effects may be such 
as to render the device inoperative at times. 


GENERAL THEORY OF BUSHING POTENTIOMETER 


In general, a successful insulator potentiometer must 
have two qualities—it must be of a relatively high 
capacity and must be protected from the weather. 

These two requirements are met by the condenser 
bushing. Constructed, as it is, of concentric metal- 
foil cylinders about the high-voltage conductor, it 
forms an ideal capacity potentiometer wherein the 
metal-foil cylinders are plates and the micarta is dielec- 
trie of a series of condensers which can be considered 
as connected in series from the high voltage to ground. 
By adding a tap to the last step to ground a potenti- 
ometer is easily obtained. Its size assures ample 


.. capacity. for instrument indication and it is completely 


protected from the weather. 

As these bushings are designed for a voltage drop of 
approximately 4000 volts per layer some means must 
be provided for lowering the voltage across the last 
step to the usual instrument voltage of about 110 volts. 
This may be done either by paralleling the last step 
with a condenser of sufficient size or by the use of a 
potential transformer. 

The transformer method is the better as it allows a 
greater current to be drawn, from the potentiometer 
than the condenser method does. However, with 
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the transformer alone, as in Fig. 1, only devices which 
are specially calibrated can operate with accuracy. 
Any instrument having resistance in its circuit will 
cause the instrument voltage to be out of phase with 
the line voltage. This is shown in Appendix I. How- 
ever, a modification of this method in which the 
terminal voltage and phase-angle error are practically 
independent of the burden of the connected instrument, 
may be applied. 

This modification is effected by the addition of a 
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reactor tuned to resonance with the capacity of the 
last step of the bushing less the transformer exciting 
reactance. | 

The theoretical circuit diagram for this connection 
is shown in Fig. 2. It differs from the circuit of Fig. 1 
only in the addition of the reactor Z.. 

From the theoretical discussion of this circuit as 
given in Appendix II it is seen that the voltage ratio is 
approximately independent of instrument impedance 
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Fic. 2—THEORETICAL DIAGRAM OF POTENTIOMETER WITH 


RESONANT CIRCUIT 


and the phase angle between line and terminal voltage 
is approximately zero. 

The final form of the device (Fig. 3) is somewhat 
different from the theoretical circuits so far shown. 

A condenser is added to the secondary circuit of the 
device, and a spark-gap is connected across the primary 
of the transformer. 

The condenser is added as a control of the no-load 
voltage of the device, and as a protection to the last 
step of the bushing. 
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The no-load voltage depends only on the potenti- 
ometer ratio of the condenser bushing and the ratio of 
the transformer. As the voltage across the instrument 
is approximately constant regardless of the burden, 
the voltage drop across the reactor and thus the voltage 
across the last step of the bushing must increase with 
load. Hence, the device operates with a variable volt- 
age оп the last step. It is desirable to keep this voltage 
just below or slightly above normal operating voltage 
as a safety measure for the bushing. This is done with 
the additional condenser as it causes the no-load voltage 
of the last step to be lower than normal, thus the trans- 
former ratio is lower for a given instrument voltage and 
thus margin is given for a rise of voltage with instru- 
ment load. By this means the addition of the network 
does not interfere with the normal operation of 
the bushing. 

As the load is increased the voltage across the last 


Fig. 3—CowPLETE SCHEMATIC DIAGRAM OF CONDENSER 
BusHING PoTENTIAL DEVICE 
step rises. As a limit, at short circuit the lower 


network becomes a parallel resonant circuit and the 
only current then flowing in the upper part of the bush- 
ing is that necessary to supply losses in the transformer 

and reactor. | 

'This causes the drop through the bushing to be small; 
hence the last step voltage must increase considerably. 
To protect the bushing a spark-gap is placed across the 
last step set to break down well below the dangerous 
voltage. This gap also protects the network against 
abnormal voltages due to lightning or other distur- 
bances on the line. 

When allowance is made for transformer iron loss, 
exciting current and impedance, the equivalent circuit 
diagram takes the form shown in Fig. 4. 

All constants are referred to one side of the trans- 
former. The exciting current is represented by the 
inductive component, the iron loss by the resistive 
component, and the last step capacity by the capacitive 
component of Z,. The impedance of the transformer 
is represented by Z,, placed back of the exciting 
impedance. The position of this impedance is some- 
what in error but its effect on the performance is very 
small. / 

The value of the iron loss resistance varies with the 
frequency and the value of the exciting reactance varies 
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with the saturation. The operating voltage of the 
transformer is known closely enough to allow these 
values to be determined by test. 


The relation between Е; and E is: 


Eri Z: Zo 
=F (2 + 2 + 7, 


) z +2 +2) 


+ (2 +1) сажда ] (18) 


(The derivation of this expression is in Appendix III.) 


4—THEORETICAL DIAGRAM OF COMPLETE POTENTIAL 
DEVICB 
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The effect of the various factors in the above equation 
can be more easily seen by reference to the vector di- 
agram, Fig. 5, which was calculated from the above 
expression for a 132-kv. (76,200 volts to ground) 
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Fig. 5—VEgcroRn DIAGRAM OF VOLTAGE AND CURRENTS FOR 
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bushing, carrying a 15-volt-ampere, 80 per cent power- 
factor load. | 

It will be noticed that the iron loss of the trans- 
former is in such a direction that it plays a considerable 
part in the amount of the pHase angle between the line 
voltage and the instrument voltage. The effect of the 
impedance of the transformer, however, is very small. 


EFFECT OF CHANGE IN REACTANCE OF REACTOR 


It is interesting to see the effect of changing the 
reactance of the reactor on the voltage and the phase 
angle of the connected instrument. 

The curve, Fig. 6, was calculated from the above 
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formula for the same 182-kv. bushing as the vector 
diagram Fig. 5. The burden was also 15 volt-ampere, 
80 per cent power factor. The no-load voltage = 110. 
The value of the reactance was changed through the 
range shown. The load voltage and its phase-angle 
variation from line voltage was determined from the 
equation and plotted. 

The curve shows that voltage regulation can be im- 
proved by decreasing the reactance but at the expense 
of angular accuracy. The vertical line shows the value 
of reactance for which resonance with the capacity is 
obtained. It may be seen here, and, in general, it is 
found that the best average conditions exist when the 
reactor is tuned with the condenser. 


EFFECT OF CHANGE IN FREQUENCY 


A change in frequency affects the characteristics of 
the circuit chiefly by disturbing the resonance of the 


' PEACTANCE OHMS 
TERMINAL VOLTS AND PHaASE-ANGLE 
ERROR WITH CHANGE IN REACTOR FROM NORMAL VALUE 


Fig. 6—CHANGE IN 


eondensers and reactor. When the lower circuit is in 
resonance, the voltage on the instrument is highest. 
As the reactor is resonant with the condensers at nor- 
mal frequency, the resonance of the lower portion of the 
device depends upon the inductance of the load. At 
unity power factor, the resonant frequency is the normal 
frequency and for inductive load the resonant frequency 


islower. 'The resonant frequency of an electric circuit, 
1 [л T 
f, = әт ҮТ С From this it may be seen that 


the resonant frequency must drop with increase of 
inductance. 

The curve in Fig. 7 shows the variation of voltage 
for a 110-kv. potentiometer, calculated for 15 volt- 
ampere at both 80 per cent and 100 per cent power 
factor. It will be noticed that resonance occurs at 
normal frequency for 100 per cent power factor, and 
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at a lower value for 80 per cent power factor. As the 


frequency rises the voltage drops. 


. INFLUENCE ОЕ LINE-VOLTAGE WAVE SHAPE 
If the line voltage is not of sine-wave form the 
effect of its harmonics on the voltage of the instrument 
connected to the potentiometer may be seen as follows: 
In Fig. 7 the curve of voltage versus frequency 
shows that at 180 cycles (the third harmonie of 60 
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16. 7—THEORETICAL VARIATION OF FREQUENCY WITH 
VOLTAGE 


cycles) the voltage appearing at the terminals of the 
device is about 40 volts where the 60-cycle voltage is 
108. 

The action of the circuit is such that it will not re- 
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produce the harmonics of the line voltage at the instru- 
ment terminals. This causes an inherent error in 
т. ш. s. voltage indication, dependent on the wave 
shape. The error, however, is slight for most cases. 
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For instance with a 10 per cent third harmonic the 
error is only 0.3 per cent. 


COMMERCIAL FORM OF DEVICE 


As the name of the device implies, the condenser 
bushing is used to supply a source of potential. Fig. 8 
illustrates in detail the method of tapping the last layer 
of the condenser bushing. A flexible cable having 
7000-volt insulation is fastened to the last metal foil 
layer of the condenser and extended to a moulded 
fitting in the bushing flange. This fitting is of the 
“plug” and “jack” construction, having the tapped 
lead attached to the “jack.” Fig. 9 illustrates the 
rigidity and simplicity of the tap construction. All 
material and clearances are designed to retain the 
insulating properties of the condenser bushings as at 
present, thus obviating any possible trouble between 
tap and ground. When the bushings are not connected 


9—VoLTaGE ТАР CONSTRUCTION ON STANDARD 
CoNDENSER BUSHING 
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to the potential device, a eap is provided for protecting 
the entrance to the ' jack." 

The potential device, itself, excepting the synchron- 
oscope, is assembled in a small protective sheet steel 
housing as illustrated in Fig. 10. It is suitably adapted 
for bolting directly to the circuit-breaker tank at a 
point near the condenser bushing tap. The connection 
between the tap and housing is approximately two 
to three feet in length, varying with the size of breaker. 
This connection consists of a 7000-volt insulated 
flexible cable protected within a flexible metallic 
water-proof conduit. Fittings are fastened to each 
end to permit ease of installation. 

The equipment within the housing consists of a 


spark-gap arrester, low-voltage potential transformer, a 


reactor, and a condenser. The energy discharge across 
the gap is small and permits the use of the usual spark 
gap neutral arrester set to break down at a maximum 
voltage of 5500 volts. It is assembled within a porce- 
lain casing and installed as shown in the upper left hand 
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corner of the housing. Connection is made to ground 
through the protective housing of the device. 


The low-ratio potential transformer as shown in the 
lower left hand corner of Fig. 10 is a standard indoor 
type. Itis, however, equipped with a special winding 
to give the necessary variation required in adjusting 
the device to resonance. The transformer nominal 
ratio is 3800 to 200 and is designed to have very small 
losses, so that all possible energy is available for instru- 
ment use. One side of the transformer primary is 
grounded to the housing of the device. 


The network reactor and condenser forming the 
external network is in the right hand side of the housing. 
The condenser has a maximum capacity of 4 u f. and 
is rated and designed for 220-volt, 60-cycle service. 
The condenser and reactor are made variable for the 
purpose of adjusting the resonant condition of the 
network. The iron-core reactor is designed to have 


Fic. 10—Hovsina wirH Cover REMOVED SHOWING 
NETWORK 


very high reactive factor, low energy loss, and constant 
impedance over the operating range of current. All 
wiring on the secondary side of the transformer is 
` interconnected through the terminal block located 
in the lower right hand corner of the housing. This 
facilitates adjustment of the secondary circuit to 
obtain the proper performance of the device. Instru- 
ment leads are brought out through a conduit fitting 
in the bottom of the housing and can be handled the 
same as secondary leads of a potential transformer. 

The outstanding point to be observed is the simplicity 
of the device. It is complete in one assembly and can 
be handled as a unit. The device is on the line at all 
‚ times and operates continuously without any attention 
to auxiliaries or secondary potential sources. The 
actual synchronizing operation is accomplished as 
easily as with a potential transformer. 
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PERFORMANCE 


Variations in service апа burden conditions will 
cause variations in the performance. of the condenser 
bushing potential device. Extensive tests were made 
to determine the performance under different conditions 
and to obtain an idea of the limitations of the device. 
The scope of this investigation included performance 
under such conditions as: 

1. Variation of line voltage. 

2. Variation of line frequency. 

3. Variation of secondary burden. 

4. Variation of temperature of condenser bushing. . 

5. Variation of line voltage wave form. | 
Also conclusive tests were made to demonstrate the 
adequacy of this device for high-voltage synchronizing. 

The tests were performed on a condenser bushing 
potentiometer designed for service on 110 kv. Voltage 
across the bushing to ground was measured with a 
standard potential transformer. The voltages on the 
secondary side of the device were measured by an 
electrostatic voltmeter of the Kelvin type, whose low 
burden permitted accurate measurement. (Burden of 
electrostatic voltmeter is approximately 0.5 volt- 
amperes.) | 


The device under test was adjusted to give minimum 
phase-angle error between. the voltage across the 
bushing and the secondary voltage of the device when 
carrying rated burden. (12 volt-amperes at 80 per 
cent power iactor, based on 110 volts at 60 cycles.) 
This was obtained by using the transformer tap to give 
the desired no-load voltage and adjusting the condenser 
and reactor to give proper full-load voltage and phase- 
angle error. 


Effect of Lane-Voltage Variation. The effect ot the 
variation of line voltage at 60 cycles is shown in Figs. 11 
and 12. The voltage characteristic is practically a 
straight line regardless of burden showing practically 
constant ratio. These curves can very easily be 
adapted for use as calibrations when the device is 
used for obtaining voltage indications from high-voltage 
systems. Phase-angle error is practically constant 
with variation in line voltage. 


Effect of L4ne-Frequency Variation. The general 
effect of frequency variation over the commercial 
range is shown in Figs. 18 and 14. Here the voltage 
characteristics are illustrated for different frequencies 
for a 15-volt-ampere burden. From inspection of both 
figures it appears that a practically constant ratio is 
obtained for a given frequency. Further frequency 
effects are shown in Figs. 15 and 16. Here it is evident 
that the resonant condition of the device is somewhat 
affected by frequency variation. Similar sets of 
curves may be drawn at other than 100 per cent voltage 
point. It is found that the frequency characteristic 
becomes flatter and thus more constant at lower 


3. Note: All burdens given in the paper are in volt-amperes 
based on 110 volts at 60 cycles. 
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values of line voltage. Another interesting perform- 
ance is the effect of the power factor of the burden 
оп the resonant condition of the network. The more 
resistive secondary burden flattens out the voltage 
frequency performance. 

The phase-angle variation between the voltage 
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Fig. 11—VariaTion ОЕ BURDEN VOLTAGE wiTH LINE 
VonLTAGE AT 60 Cycites. Power Factor or SECONDARY 
Воврем—80 Per Cent (Test Data) 
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applied to the bushing and the voltage of the secondary 
burden is illustrated in Fig. 17. Here is shown the 
effect of both burden and frequency. ‘This same set of 


curves holds practically the same regardless of voltage - 
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variation; that is, at 60 cycles the phase-angle error will 
be 6 deg. regardless of the line voltage. 

Effect of Secondary Burden Variation. The charac- 
teristics illustrating the effect of burden are included 
in all of the performances mentioned above. The 
voltage regulation over the range of burden givenpis 
very satisfactory considering the rated burden of the 
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Fic. 13—VariaTION OF BURDEN VOLTAGE WITH LINE 
VOLTAGE AT 15 VoLT-AMPERES—80 Pen Cent Powren FACTOR 
BURDEN, FOR VARIOUS FREQUENCIES (Test Data) 
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Fie. 14—VarIATION or BURDEN VOLTAGE WITH LINE 
VOLTAGE АТ 15 VOLT-AMPERES— 100 Per Cent Power FACTOR 
BURDEN, FOR VARIOUS FREQUENCIES (TrEst Dara) 


device. Although the burden is changed, the voltage 


characteristic remains a straight line for a given fre- 


quency. The power factor of the burden appears 
to have little effect on voltage performance as shown 
in Figs. 11 and 12. However, power-factor change 
affects the frequency-voltage characteristic and causes 
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the resonant point of the device to be slightly shifted 
resulting in curves as shown in Figs. 15 and 16. 
Effect of Temperature Variation. Data were obtained 


regarding this condition by heating a condenser bushing 
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up to 140 deg. fahr. While cooling, the values of 
secondary voltage and phase angle were obtained at 
different secondary burdens down to 60 deg. fahr. 
The phase-angle variation was negligible while the 
voltage variation amounted to two and one-half per 
cent for a burden of 15 volt-amperes at 50 and 60 
cycles. It is evident that the heating of the condenser 
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bushing in service will cause little effect on the opera- 
tion of the device. 

Effect of Wave Form. All of the above curves and 
information are based on sine-wave form of line voltage. 
In Fig. 18 is shown an oscillogram illustrating the wave 
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form of eurrent and voltage within different parts of the 
device. The supply voltage, according to analysis, 
is practically a sine wave having only three per cent 
each of the third and fifth harmonics. 

In Fig. 19 oscillographic performance is given. The 
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same conditions of voltage, frequency, and burden exist 
as before except a poor wave form of voltage was 
arbitrarily caused by inserting a regulator in the 
supply and caused to operate at high saturation. 
Analysis of the supply voltage gave: 
1st Harmonic—100 per cent of first. 
& & & 


3rd <= 22.2 “ 

5th « —12.0 “ “ 6 « 
th “ — 53 « “в « 
Oth « —o « “ &« « 
11th « —o « « «u « 


E peme = /(100)? + (22.2)? + (12)? + (5.3)? = 103.2 
per cent. | 
This was checked by actual measurement of the secon- 
dary voltage under the two conditions of wave form. 
In general, considering the above performance, com- 
mercial variation of wave form will cause very little 
affect in the operation of the device. 

It is interesting to note the wave form of secondary 
burden obtained in both cases. Although considerable 
distortion is obtained in the capacity circuits, the reactor 
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Fic. . 20—PHASE-ANGLE ERROR WHEN SYNCHRONIZING WITH 
Two ConpDENSER BusuiNa PotentTiaL Devices (Tesr Data) 


smooths out all variations and results in a very good 
wave form of secondary current through the burden. 

Performance Obtained with Synchronoscope. А set-up 
was made to determine the operation of the synchrono- 
scope with this device subjected to various conditions. 
Fig. 20 shows the phase-angle performance that may be 
obtained with variation in frequency of the line voltage. 
This information was obtained using similar condenser 
bushing potential devices on either side of the synchron- 
oscope operated from the same line voltage source. 
The angular error is the deflection of the synchronoscope 
needle. This curve shows that the phase angle error is 
negligible when using two potential devices for 
synchronizing. 

In Fig. 21 is shown the phase-angle performance when 
an attempt is made to synchronize with a condenser 
bushing potential device on one of the lines to be 
synchronized and a potential transformer on the other. 
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The phase-angle error is permissible for synchronizing 
in the region of 60 cycles, but for greater ranges of 
frequency the device should not be used when balanced 
against a potential transformer. Тһе variation of phase 
angle in either case is practically unaffected by varia- 
tion in line voltage. The voltage performances ob- 
tained with a synchronoscope burden are illustrated in 
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Fic. 21—PuHasn-ANGLE Error WHEN SYNCHRONIZING WITH 
ConDENSER Busuiva PorENTIAL ЮвуІсю AND POTENTIAL 
TRANSFORMER (Тивт Data) 
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Ес. 22—VorTrAGE Across SYNCHRONOSCOPE TERMINALS FOR 
VARIATIONS IN LINE VOLTAGE AND Frequency (Тевт DATA) 


Fig. 22. Here, again, a constant voltage ratio is 
obtained for a given frequency. The performance with 
variable frequency is comparable to that discussed 
under effects of frequency. It appears, therefore, that 
the frequency variation will cause very little change in 
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the voltage at the synchronoscope terminals. In 
general, these performance data indicate that syn- 
chronizing with the potential device on both sources to 
be synchronized will be just as reliable as is obtained 
in potential transformer practise. 


APPLICATION 

This device may be applied to the standard condenser 
bushings assembled on circuit breakers, power trans- 
formers or in separate containers with the following 
limitations in burden depending on primary voltage: 

1. 88-kv. Line Voltage—10 volt-ampere based on 110 

volts. 

2. 110-kv. Line Voltage—12 volt-ampere, based on 110 
volts. 

3. 132-kv. Line Voltage—15 volt-ampere, based on 110 
volts. 

4. 154-kv. Line Voltage—20 volt-ampere, based on 110 
volts. 

b. 220-kv. Line Voltage—30 volt-ampere, based on 110 
volts. | 

These limitations are given for 60-cycle service. For 
50-cycle service the burdens will be reduced to five- 
sixths of the above values. For 25-cycle service, the 
device should only be applied to the higher voltage 
bushings since the maximum burden permissible is but 
40 per cent of the 60-cycle limits. 

In case greater secondary burdens than those above 
are to be used, two potential devices on the same 
breaker can be used in parallel per phase thus allowing 
double the burden given above. This will apply 
mostly to relay applications where it will be permissible 
to open the paralleled secondaries when the breaker is 
in the open position. This limitation is made because 
the condenser bushing potential device on the line side 
of the breaker will feed back into the device on the 
other side. 

If it is desired to synchronize around the breaker with 
the same two equipments used in parallel for relaying, 
arrangements must be provided for opening the secon- 
daries when the breaker is open and transferring the 
voltage to the synchronoscope terminals. This all 
can be readily accomplished by use of auxiliary switches 
operated by the breaker mechanism. 

The most favorable application of this device is for 
synchronizing at high voltages. The question of 
voltage regulation is not very important when operating 
a synchronoscope and several degrees phase angle error 
is permissible in the synchronizing operation. The 
voltage ratio as obtained with the condenser bushing 
device is practically constant as discussed above. In 
addition when synchronizing with the use of two identi- 
cal potential devices, the phase-angle error cancels out. 

The use of a potential transformer on one line to be 
synchronized and a condenser bushing potential device 
on the other is not recommended. Station layouts 
should be made to anticipate the use of a condenser 
bushing device on each of the lines to be synchronized. 
Under this condition the maximum phase-angle differen- 
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tial that may be expected between any two condenser 
bushing devices throughout the commercial frequency 
range (50 to 70 cycles) is six degrees. This error is due 
to possible manufacturing variations within the poten- 
tial device itself and is designed to be practically zero 
at 60 cycles. This small variation in phase-angle 
error will not interfere with the usual synchronizing 
operation. 

When it is proposed to synchronize between a 
potential transformer connected between phase on one 
system and a potential device connected on a breaker 
bushing of another system, the conditions are changed 
considerably. There are two points to be considered: 

1. When the potential transformer is connected 
between lines, the secondary voltage will be 30 deg. out 
of phase with the secondary voltage of the condenser 
bushing potential device, assuming zero phase-angle 
error in the potential device as well as in the potential 
transformer. This is due to the fact that the trans- 
former measures the line-to-line voltage, and the con- 
denser bushing potential device measures the voltage 
to ground. This difference can be readily taken care 
of by arbitrarily setting the needle on the shaft of the 
synchronoscope 30 deg. from its usual zero, in a direction 
depending on the relative connection to the potential 
sources. 

2. The phase-angle error of a condenser bushing 
potential device may be as high as 6 deg. when carrying 
a burden of a synchronoscope at 60 cycles. However, 
if it is contemplated synchronizing at system fre- 
quencies as low as 50 cycles, phase-angle error as high 
as 30 deg. may be expected. This means that the 
synchronoscope would point 30 deg. off zero at instant 
of synchronism. 


It may be feasible to synchronize under this condition 
provided particular care is taken by the operator. 
An alternative would be to mark additional synchro- 
nizing points on the synchronoscope dial corresponding 
to the different frequencies. This requires that the op- 
erator keep the frequency in mind when synchronizing. 
The usual method of synchronizing with phase 
voltage instead of wire to neutral voltage eliminates 
any possibility of incorrect synchronizing due to 
“floating neutral" Where phase-to-neutral voltage 
is used a floating neutral, as is experienced in poorly 
grounded systems, may give false indication on the 
synehronoseope. If such a system condition is antici- 
pated, then synchronizing should be accomplished by 
means of line to line voltage rather than line to neutral 
voltage. This would require the use of two condenser 
bushing potential devices, one on each of the two phases, 
with interconnection of the secondary of the network 
so as to obtain the equivalent of a line-to-line voltage. 


OTHER APPLICATIONS 


There are several other uses of the condenser bushing 
potential device in addition to synchronizing. The 
same limitations with regard to phase-angle and voltage 
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performances, as above mentioned will apply here also. 
In general on applying this device, the maximum 
permissible burden should not be exceeded. Otherwise 
the condenser bushing itself will be affected by in- 
creasing unduly the voltage across the tapped layer. 
Additional applications may be listed under three 
general headings: 


1. Voltage indication 
2. Frequency indication 
3. Relay operation. 

The potential device gives a very satisfactory indica- 
tion of voltage although not accurate enough for 
power measurements. Voltage indication may be 
obtained between phase and ground or between phases 
depending on the relative connection of the secondary 
of the devices on the different phases. Standard 
switchboard voltmeters can be used with this device 
for giving voltage indication and connected the same 
as when using potential transformers. Curves similar 
to those given under performance can be used as a 
calibration if necessary. 

Frequency indication of a high-voltage line is also 
easily accomplished by use of the potential device. 
Inasmuch as there is no frequency change within the 
device, a true indication of frequency will be given. 
The standard switchboard frequency meter can be 
used within the burden limitations of the device and 
handled the same as when using the potential 
transformer. 

Probably one of the most important future applica- 
tions of the condenser bushing potential device will 
be in the relay field. Generally, the device may be 
used in place of potential transformers for operation of 
potential relays provided the phase-angle and voltage 
performance characteristics are satisfactory for proper 
functioning. In view of the fact that the device 
operates continuously, a potential source is always 
present. Due to simplicity and economy as com- 
pared to potential transformers, the use of relay schemes 
requiring potential should become more general. It 
will be particularly useful where protection is obtained 
by voltage indication between phase and ground, since 
the secondary voltage of the device is proportional to 
the voltage from phase-to-ground rather than between 
phases. This type of protection is in popular use on 
low-voltage circuits and its use has been hampered on 
high-voltage circuits due largely to the expense of 
potential transformers. Protection requiring the use 
of phase-to-phase voltage may also be obtained by 
proper interconnection of the secondary phase leads. 


First INSTALLATION 


The first installation of this high-voltage synchroniz- 
ing device has been made at the Bluebell Substation 
(Alliance, Ohio) of the Ohio Public Service Company 
with very satisfactory results. 

Bluebell Substation is located near the center of a 
182-Ку. transmission line 45 miles long, between 
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Canton, Ohio and Warren, Ohio. Since no other load 
is tapped from the line between Canton and Warren, 
synchronizing at either terminal point is possible with- 
out affecting the Bluebell Substation supply. This, 
however, requires that synchronizing be accomplished 
using low voltage circuits and necessitates considerable 
switching operation. At the time the station was built 
it was considered too expensive to install 132-kv. 
potential transformers for synchronizing purposes only. 

During the spring of 1926 an Electrostatic Glow 
Meter was installed, to provide a means of synchronizing 
more rapidly, and with fewer switching operations. 
While this installation was quite economical, it was 
reliable only under favorable weather conditions. 

In order to obtain a device operative under all con- 
ditions, the condenser bushing potential device was 
installed in August, 1927. The cost was but slightly 
in excess of the electrostatic glow meter installation cost 
and upon investigation it was found to be less than one- 
sixth the cost of a potential transformer synchronizing 
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installation. This new scheme, although more simpli- 
fied, has all the advantages of the standard potential 
tranformer scheme but none of the irregularities of the 
glow meter scheme. 

In Fig. 23 is shown a schematic diagram of the 132- 
kv. busses in the Bluebell Substation, indicating 
particularly the relative connections of the condenser 
bushing potential devices. A detailed wiring diagram 
of the potential device connections is shown in Fig. 24. 
Here is illustrated the method of handling the secondary 
circuit. Similar procedure is followed as in potential 
transformer practise. 

Fig. 25 shows one of the potential devices, with cover 
in place and with cover removed as installed on the 
182-kv.—''G-2" oil circuit breakers. The units are 
mounted on pedestals at one tank of each circuit 
breaker. The field installation of the complete poten- 
tial device consisted of the following: 

1. Attachment of housing to pedestal and installa- 
tion of pedestal. (For future installations, lugs will be 
provided on the circuit breaker tanks for bolting.) 


2. Attachment of protected flexible cable to the tap 
on the condenser bushing and to the unit. 


8. Attachment of the secondary leads from the 


/ 


tne 
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device to the synchronizing switch located on the station 
switchboard. 

In Fig. 25 the tap from the condenser. bushing may be 
seen entering the top of the potential device and the 
conduit carrying the low-voltage lead from the unit to 
the switchboard may be seen entering the ground at 
the base of the supporting pedestal. From the unit 
to the switchboard the insulation through the station 
control ducts is 600 volts. The wiring diagram in 
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Fig. 24 shows clearly the simplicity of the apparatus 
and the connections as applied to this installation. 
A standard synchronism. indicator, except lamps and 
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standard synchronizing plugs or switches are used 
on the switchboard. 

It is the intention on future installations to synchro- 
nize across one pole of each breaker rather than from 
breaker to breaker in order to permit a greater flexibility 
in the switching set-ups and simplify switchboard 
connections. To date, 50 synchronizing operations 
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have been made using the two condenser bushing 
potential devices with no incorrect indications. 
Appendix I . 


In the diagram, Fig. 1, the transformer is neglected 
and the constants are referred to one side of the trans- 


former. The symbols used are defined by reference to 
the diagram. 
LZ 
I. = Z. (1) 
| | 7 
ь=1„+1=1(1+-у—) (2) 
Les 
| Z 
Es = Zs Is = Zs Iı (1 + 7 ) (3) 
Е 1,7 (4) 
77 
E, = E» + E = Iı ( Za + = +2) С (б) 
Е 77 
By = -7-(% + +2) 
1 
-E[ %(=+-) +1] 6) 


Then Z ratio of the = 


Е -[2(—7 Z tZ. SESS (7) 


It is interesting to substitute Z = o in анон (7) 
as a check on its accuracy. Then 


- -[2(z)21] (8) 


[2 .1]- 2+ 


This gives the ratio of the potentiometer at open circuit 
as proportional to the total impedance of the bushing 
divided by the impedance of the last step. 
The effect of load may be seen as follows: 
Substitute the following terms in equation No. (7). 
Гв = — j Хв (capacity reactance only) 
2. = —3 X, (capacity reactance only) 
2 = R+ 7X (Resistive with either inductive or 
capacitive reactance) 


Then the ratio | 
y -[-i»(zi;x^—;x )+1] 
„Гаа +] ө 


E = ; 
In order that the ratio £3 be a numerical quantity, 
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that is that there be no phase angle between E; and E, 
al j quantities in the above equation must cancel. 
By inspection it may be seen that for any value of load 
resistance, R, except zero the j terms will not cancel 
and there will be an angular difference in phase between 
the line voltage E; and the instrument voltage E. 
If an instrument having negligible resistance such as an 
electrostatic voltmeter, or some highly inductive cir- 
cuit, were connected to the terminals of the above device 
ps value ЕЁ, = 0, and equation (9) becomes: 


A pee] 
-[5 [x x12] 0 


E 
here all the j terms have canceled out, os 


is a numeri- 


cal value and hence the phase between E; and E is zero. 

It is interesting to note that if + X = — X,, or if 
the load is highly inductive with negligible resistance 
and is resonant with the last step of the bushing X,, 


EG 
the ratio would equal 1 and full voltage would be 


impressed across the transformer primary thus causing 
its ruin. This case is practically never attained com- 
pletely in practise but it can be approached closely 
enough to be dangerous. 


Appendix II 


A working knowledge of the action of the circuit in 
Fig. 2 can best be gained by dividing it into two parts, 
considering each separately and then uniting the action 


Fig. 26—THEORETICAL Diagram or LowER PORTION OF 


POTENTIOMETER 


of the two to approximate the action of the whole 
cireuit. 

Let the first part be the impedance of the bushing 
from the inner conductor to the tap Zs (Fig. 2). The 
second part will then be the rest of the circuit including 
the last step of the bushing Z+, the transformer, the 
reactor Z;, and the burden of the synchroscope. 

Assuming a bushing of 21.steps, the impedance of the 
first part Zs will be 20 times the impedance of the last 
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step Z,. The impedance of the network is designed so 
that its total impedance, including the last step is 
never much higher than the original impedance of the 
last step Z,. With change of load the network impe- 
dance will fluctuate but can be considered constant and 
equal to Z, with a relatively small error. Hence, under 
all load conditions, within the rating of the device, the 
charging current can be considered as equal to: 


po B 
к (Zp + 2.) 


Substituting for Zs and Z, their values — 7 Хв and 
= 9 Xs 


(10) 


E 


ipe a X) 


ог EL = — 7 In (Хв + Xo) 
approximately (10а) 
The second portion of the circuit as shown in Fig. 26 
is the same as the lower portion of Fig. 2 except that 
the constants of the circuit have been referred to one 
side of the transformer, and the transformer itself has 
been neglected. Analyzing the relation between Ё 
and Is: 


Ip = І, +1. (11) 
21+ 2 
jp z, ), ma 
Zı+Z 
Ip = І, [ 1 + (= - A ) | Substituting (12) in (13) 
(13) 
-— E 
Substituting J, = 7: 
Zit 
е = 
1 
т g[ > + 73. zl (14) 
Now if Z, is pure inductance and equal to j Xo, and if 
2. = – } Хо, (15) 
the relation between P в and E becomes: 
= „с Е=—]Х,1 16 
= ae S = — ) A0 iB ( ) 


Thus it is seen that the relation between E and Is is 
independent of the load impedance, Z. From (10) 


and (16) the ratio Er becomes: 
Br _ — Í Is (Xs + Xo) _ Xa t+ Xo 


E as os o0 0X (17) 


Hence, the voltage ratio is approximately inde- 
pendent of instrument impedance and the phase angle 
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between E: and E is approximately zero. The greater 
the number of steps on the bushing the better will be 
the approximation. 

A more exact solution for the circuit of Fig. 2 is 
not diffieult, but any additional information it would 
give is of little value because the iron loss of the trans- 
former plays an important part in the characteristics 
of the device. 


Appendix III 


' he derivation of Formula No. 18 is as follows: 
From Fig. 4: 


Instrument Voltage = E = Г, Z (1) 
Reactor Voltage = Е, = І, Z, (2) 
Condenser Voltage = E, = Е + E, = I (Z + 21) (3) 
Е. 2+2 
Condenser Current = I, = =] ae) (4) 
Ze Z. 
Current Through Transformer Impedance = I: 
| 2 +7 7+2 +2 
П Р РТ А Г ug d о д) 
2 fe (5) 
Transformer Drop = Ёт 
2.+2 + 2 
Er = Zib = Zh AEEA. (6) 
Volts on Lower Step of Bushing = E, 
Z+Z44+2 
E, = Er + Е, = [z r 2-99 + 1.02 +21) | 
(7) 
Z1 
E-L[Zmezezo-24z)]] — € 
Current into Combined Impedance Z, = I, 
E, 1, 21 
І, = Z. = Z [ 7, о. # +) + (# + Z9 | 
9 
Bushing Current = Гь = I} + I: э) 
Zt 
b=h| oy Z +2+2) 
2 + 21 ) 2. +2 + 2) 
+( AS) 4H јао) 


Bushing Drop — Net Work to Line = Es 


Z1 
Es = hZs| —7— Z+Z +Z) 


(Z + 21) Z:+ Z +Z: 
gue c 7 
Line Volts to Neutral = Ej = Eg + E, 
Adding (11) + (8) and substituting (1) = 


By = T [6 (љ 2 52) о, 2+2) 
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Discussion 


VACUUM TUBE SYNCHRONIZING EQUIPMENT 
(BELT AND Hoarp) 
USE OF CONDENSER TYPE BUSHING IN 
SYNCHRONIZING 
(SPRACKLEN, MARSHALL, AND LANGGUTH) 
New York, N. Y., FEBRUARY 17, 1928 

E. D. Eby: In connection with Fig. 8, it is mentioned that the 
value of the shunt resistance R may vary appreciably from the 
normal value of 600,000 ohms without seriously affecting the 
ratio. If this shunt resistance should become very small, how- 
ever, the ratio would be affected. It is interesting to note what 
effect upon the ratio would result from a low insulation resistance 
in the condenser С». This insulation resistance may be con- 
sidered a part of the total shunt resistance since it is in parallel 
with R. | 

The insulation resistance of the condenser С» itself is normally 
of the order of 100 megohms, but this resistance may fall as low 
as one megohm without seriously affecting the ratio. With one 
megohm in parallel with a resistance R of 600,000 ohms, the com- 
bined value would become 375,000 ohms, which from Fig. 9 
is seen to affect the ratio to a negligible degree. 

The phase-angle error is also dependent upon the value of R 
as shown in Fig. 10. With the insulation resistanee of condenser 
C» and connected leads as low as one megohm, and with R equal 
to 600,000 ohms, the phase-angle error inereases from 2.75 deg. 
to 4.4 deg. which is an unimportant echange in the phase angle. 

Thus it is seen that such a low value of insulation resistance of 


` eondenser С» and connected leads cannot seriously affect either 


the ratio of this capacitance transformer or its phase angle for 
synehronizing purposes. 

The statement is made that the ratio of this capacitance 
transformer is independent of the presenee of external metal 
structures. This has been demonstrated by testing capacitance- 
transformer bushings with large metal eylinders surrounding 
the porcelain shells so that the capacitance between bushing 
conductor and external objects is greatly increased. This was 
found to have no effect upon the transformer ratio. This is 
the result of complete shielding of the condenser С» by the ground 
sleeve of the bushing which extends beyond the ends of the con- 
denser plates. That is, changes in the external capacitance of 
the bushing do not affect that part of its internal capacitance 
which determines the ratio. 

Likewise, changes in the external leakage resistance of the bush- 
ing cannot affect the ratio because this resistance is in parallel 
with the external capacitance which, as shown above, may change 
without affecting the ratio. For this reason, the presence of rain, 
snow, dirt, ete., on the external surface of the bushing merely 
increases the leakage current from line to ground but does not 
change the current through the capacitance transformer. 

Tests have also been made at varying temperatures which have 
shown no change in ratio. This is to be expected since the insu- 
lating materials in the condenser С» are of the same character as 
those used in the puncture structure of the bushing shown in Fig. 
8 as Cı. Any changes in the permittivities of the insulating 
materials, therefore, affect both capacitances similarly. 


As a further check on the ratio of the capacitance transformer 
under actual operating conditions, there is being set up on a 
110,000-volt power system a parallel installation of capacitance 
transformer and standard potential transformer. Simultaneous 
readings of system voltage will be taken over a considerable 
period of time and under varying operating conditions. It is 
believed these observations will help to confirm the calculations 
and laboratory tests which indicate that the capacitance trans- 
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former may be used for metering as well as for synchronizing 
purposes. | 

A high degree of operating safety in this device is assured by 
the high safety factors employed in the design and construction 
of the capacitance transformer. At 60 cycles, the flashover 
voltage of the bushing is about 516 times its operating voltage 
from line to ground. The puncture strength of condenser С» 
is about 100 times its operating voltage. This gives a safety 
factor of 100 at operating stress, and 18 above 60-cycle flashover. 
With impulse voltages, the safety factor is correspondingly high. 
This design of oil-filled bushing will withstand impulse flashover 
indefinitely, and the capacitance-transformer insulation is cor- 
respondingly strong. This is of the greatest importance to the 
operation of the synchroscope which may be called upon to 
synchronize lines during lightning storms. 

Each capacitance-transformer bushing receives а 60-cycle 
flashover test as well as the usual one-minute high-potential 
test. The capacitance transformer receives a test of 1000 volts 
for one minute. The capacitance of each transformer is 
measured and the low-tension voltage calculated from the 
measured capacitance. A variation of + 5 volts is allowed. 
Each capacitance transformer is calibrated with its vacuum-tube 
equipment. 

Capacitance-transformer bushings of this type have been built 
for voltages from 88,000 to 220,000 volts. They can be supplied 
for lower voltages if desired. The additional cost of capacitance 
transformers in oil-circuit-breaker bushings is so small that they 
have been specified on some orders in anticipation of a possible 
installation of the synchronizing equipment at a later date. 

Н. L. Crumley: I have had some very good operating 
experience with the vacuum-tube synchroscope. \ 

We have installed on the Metropolitan Edison system опе 
outfit at the present time. We had no misgivings as to the 
reliability of the equipment. The only thing we were afraid of 
was what would happen with impulse voltages. 

We had one experience that convinced us of the reliability 
of the outfit. One evening during a severe lightning storm, the 
line to which this synehroseope was connected was knocked out 
and in a few minutes it was resynchronized at the station using 
the vacuum-tube synehroseope. An inspection showed that the 
bushing of the capacitance transformer had been cracked, 
due to a flashover. This flashover was evidently the cause of 
the line trip-out. | 

. Since we have seen what may occur from impulse voltages and 
even to the flashover of the bushing itself, we have no fear 
as to the future operations of this type of equipment. 


Philip Sporn: (by letter) It has always been realized that 
in a high-voltage station consisting of a half dozen lines or so, and 
perhaps a series of transformer banks utilized for obtaining a 
distribution voltage, it would be highly desirable to be able to 
synchronize every line. However, cost considerations of 
potential transformers primarily, although there were others, very 


-often dictated the elimination of direct synchronizing facilities 


espécially if it was possible to figure out a sequence of switching 
under which synchronizing could be done at lower potentials at 
some other point. Now this arrangement, while it often 
looked very beautiful on paper, did not work quite as smoothly 
when put into the hands of a group of substation operators. The 
result has been that many high-tension stations that were 
originally designed without such synchronizing facilities, later had 
them put in at a very much greater expense because operating 
experience showed their almost absolute necessity. 


- These two papers point out means of doing this at very much 
less expense than was thought possible a few years ago. Of the 
two, the straight condenser method is apparently simpler but it 
appears to me that vacuum-tube method has more than enough 
other advantages to compensate. For one thing, at no point 
outside the breaker does any high potential exist. Again, it is 
highly desirable to get operating men familiar with, and used to 
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operating and relying upon vacuum-tube devices. Today, it is 
possible to synchronize, to communicate, and to supervise oper- 
ation with vacuum tubes; but ultimately we will surely use them 
for voltage regulators. Other uses are bound to follow. The 
power engineer therefore must make up his mind that the vacuum 
tube is going to be a tool and a piece of apparatus without which, 
in the years to come, he will not be able to get along on his power . 
system, and that the sooner he gets the operating people thor- 
oughly versed with it the better off everybody will be. 

Messrs. Spraeklen, Marshall, and Laneguth point out that it 
is not recommended to use a potential transformer on one side 
to be synchronized against a condenser bushing on the other. 
Where, however, it is desired to meter at the high voltage 
and a set of potential transformers is utilized for that purpose 
connected to the bus, it would be most logical in that case to 
synchronize against the potential transformers. In such a case 
the vacuum-tube arrangement would have a slight advantage. 
On the other hand it is conceivable that the cost of the straight 
condenser arrangement may be sufficiently lower to make it 
possible to install, under such a set of conditions, an additional 
condenser bushing connected on the bus and yet not increase the 
cost over the vacuum-tube arrangement. 

Neither paper mentions any costs. I think these might be of 
interest. In a 132,000-volt switching station that was cut into 
service within the last six months we had occasion to synchronize 
six circuits against either one of two buses. The cost of doing 
it by vacuum-tube arrangement ran close to $8400. The 
estimated cost of accomplishing the same thing by standard 
132,000-volt potential transformers was $34,000. 

J. H. Cox: (communicated after adjournment) The authors 


of this paper have confined themselves to normal-frequency 


Fic. 1 


applieations of the condenser-bushing potentiometer. However, 
in addition to being useful for those applications it forms an ideal 
potentiometer for making measurements of transient voltages on 
transmission lines. In this application it is merely necessary to 
connect the measuring device between the tap and ground. 
Since the potentiometer is a capacity coupling the ratio of the 
voltages is constant regardless of magnitude or wave shape, so 
long as the measuring devise is also a capacity. Both the 
klydonograph and the cathode-ray oscillograph come in this 
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category as the energy consumed by either is entirely negligible. 
The normal voltage on the tap, being 4000 volts, is above that 
required as the normal voltage on either of the above instruments. 
This may be reduced to any desired value by connecting a suitable 
external capacity in parallel with the instrument. This, of 
course, causes a voltage equal to the amount of the reduction to 
be impressed across the remainder of the bushing, but this should 
be negligible. 

The three principal objections to the capacity potentiometers 
аз commonly used in klydonograph tests are cost, space, and the 
change in ratio with varying weather conditions. Often a major 
part of the expense of a klydonograph investigation has been in 
the potentiometers; when the breaker, or transformer, bushings 
are provided with a tap there is little added expense, and even 
when installed specially they can later be used as spare bushings. 
Due to the mutual effect between adjacent air potentiometers 
they must be separated by considerable distance; the bushing 
potentiometers do not affect each other and may be spaced as 
close as safety permits. Of course, when apparatus bushings are 
used little additional space is required. The supporting insu- 
lators of the air potentiometers were subject to dirt and moisture, 
with a consequent change of ratio when the leakage became large 
enough to be important; the capacities in the bushing poten- 
tiometer are enclosed. | 


When used as transient-voltage potentiometers these bushings 
are not limited to the higher-voltage classes as they are for 
normal-frequency applications. They have been applied on 
systems with voltages as low as 6600 volts. Even these bushings 
have a capacity of about 300 micro-microfarads per step, which 
is ample to supply the klydonograph, which has a capacity of 
about 10 micro-microfarads. Also, for voltages of 25,000 and 
less the cost of condenser-bushing potentiometers is not too high 
to prevent their being built for special tests. Fig. 1 herewith 
shows a potentiometer, with a special tank, for 66,000 volts. 


T. A. E. Belt: (communicated after adjournment) Since 
nothing is of more importance in high-tension apparatus than the 
bushing, I wish to bring out several points. 

Assuming that the condenser bushing has a 60-cycle flashover 
of 51% times its normal line-to-ground potential, and that the 
impulse ratio of the bushing is 2, it сап be shown that approxi- 
mately 60,000 volts may be obtained on the tap at the time of an 
impulse sufficient to are over the bushing. If the tap is left 
isolated, adequate insulation and clearance must be provided for 
60,000 volts. On the other hand, if the tap is grounded, the 
dielectric of a 110,000-volt bushing will be overstressed by 
approximately 6 per cent, that is, the bushing insulation will be 
operating at a reduced factor of safety. This reduction in 
dielectric strength, however, may be compensated by increasing 
the size of the bushing. 

When the tap is used to supply potential for relays, a momen- 
tary flashover of the protective gap will cause momentary loss of 
voltage, which seemingly may cause incorrect relay operation. 

A circuit described in an article in the Siemans-Zeitschrift, 
Vol. 6, Oct. and Nov. 1926, makes use of the condenser bushing. 
It is reported here that temperature affects the bushing charac- 
teristic. One case of trouble mentioned was caused by one 
bushing operating continuously in the shade while the other 
bushing at times was exposed to the sun. 

T. S. Farley: (communicated after adjournment) The 
capacitance transformer described in the paper by Belt and 
Hoard produces a secondary voltage Er which has practically 
the same wave shape as the line voltage but reduced in magnitude. 
Eq. (1) shows that as the frequency increases, the ratio 


Ci + Сз 
Ci | 
tance transformer mentioned equals 1545. The ratio for 60 


eyeles is 1547. Hence it is evident that the magnitude of the 
fundamental and all harmonics are reduced in the same pro- 


E/E, approaches as a limit, which for the capaci- 
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portion. Also from Eq. (1) it can be shown that as the 
frequency increases the phase shift decreases to zero as a limit. 
The phase shift for 60 cycles is only 3.3 deg. and is less for any of 
the harmonics. Therefore it is seen that the secondary voltage 
of the capacitance transformer is a true representation of the 
line voltage including all harmonics. 


Because of these characteristics of the capacitance trans- 
former, it is very well adapted for use in conjunction with 
properly designed vacuum-tube circuits to supply potentials 
from high-voltage lines for accurate measurement work. 


T. A. E. Belt: In addition to using the amplifying equipment 
for synchronizing, potential for other purposes may be obtained 
simply by energizing the outdoor amplifier independently of 
the indoor unit, thus obtaining the potential from a separate 
output transformer connected in the plate circuit of the amplifier 
tube. 


Mr. Eby pointed out that in the design of the capacitance 
transformer, a high factor of safety was used to avoid dielectric 
failure under lightning impulses. It is gratifying to know that 
these precautions which were thought necessary in the design 
have proved to be worth while in operation; for Mr. Crumley 
tells us that even though the porcelain of a bushing was split 
by lightning and part of the oil gone, the capacitance trans- 
former continued to function. 


E. E. Spracklen: Although our experience with the equip- 
ment installed at Bluebell Substation has not covered a long 
period of time, we feel that its operation is quite dependable and 
that the voltage of the secondary circuit offers no serious hazard 
if the installation is properly made. 


The simplicity of the complete circuit and the use of standard 
switchboard apparatus highly recommends this hook-up in the 
considerations of installation, operation, and maintenance costs. 

Since the installation was made last August nearly one hundred 
operations of the synchronizing device at Bluebell Substation 
have been performed with very satisfactory results, and entirely 
without any need for adjustments or replacements of apparatus. 

As brought out in our paper, the installation at Bluebell Sub- 
station was made partially with the idea of obtaining field experi- 
ence with this synchronizing scheme and of obtaining data on the 
possibilities of the various applications for condenser bushings 
which may be accomplished economically, simply, and depend- 
ably. Up to this time nothing has occurred to change opinions 
regarding these applications and it is hoped that substantial 
data may be assembled in the near future. 


Р. О. Langguth: In connection with the condenser-bushing 
potential device, it is well to note the advantages that may be 
obtained with regard to use of auxiliaries on high-voltage circuit 
breakers. It is now possible to obtain both a current indication 
and a voltage indication from circuit breakers or other power 
apparatus which are equipped with condenser bushings. 


This latest development which uses the charging current froma 
condenser bushing for operating synchronoscopes or other meters 
depending on voltage indication is very interesting. The device 
is rather simple and much less expensive than the usual poten- 
tial-transformer installation. The condenser-bushing device is 
complete in one unit as shown in Fig. 10 of the paper. This 
comprises the complete equipment for use with the tapped con- 
denser bushing. No separate source of power or vacuum tubes 
is required for use with this device. It is well to note that the 
secondary leads from the outdoor housing are handled in the same 
manner as the secondary leads from a potential-transformer 
installation. This device is sturdy, and requires no maintenance. 
Potential is available across the secondaries continuously as it 
is not necessary to disconnect the device from the primary when 
not in use. 

There are four broad uses of this device. Due to the fact that 
potential is available in the secondary circuit at all times (т. e., 
as long as the bushing is connected to the line) whether in a 
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circuit breaker or power transformer, this device is not limited 
to synchronizing. | 

1. For operation of а synehronoseope for synchronizing high- 
tension lines between 88 kv. and 220 kv. 


2. For operation of frequency meters. Since there is no fre- 
quency change in the potential device the frequency indicated 
on the secondary will be the same as the frequency of the line. 


3. For operation of voltmeters. An indication of line voltage 
can be obtained since the voltage characteristic is practically 
constant. 


4. For operation of relays. 

The application of this device for relay protection of systems 
is more or less in the development stage. However, the future 
looks very bright in regard to use of this device for protection of 
systems against phase-to-phase and phase-to-ground faults. In 
fact, several large power systems are at present installing these 
devices for such protection. Reference should be made here to 
the paper! on “Relay Protection" given by Messrs. Crichton and 
Graves at the Regional Meeting in November. . Relaying, of 
course, is made possible due to the fact that the secondary voltage 
of the condenser-bushing potential device is available at all times 
without any attention to auxiliaries, such as vacuum tubes. 


I should like to say a word about the application of this device 
to relaying and synchronizing. In general, it has been the prac- 
tise when using potential transformers to synchronize between 
lines or between phases. However, when using the potential 
device with the condenser bushing, the voltage obtained at the 
secondary device is in phase with the line-to-ground voltage and, 
of course, in that case synchronizing is based on the phase rela- 
tion between line and ground. If it is desired to synchronize 
with a potential transformer which is connected to the bus for 
metering, it is necessary to install two eondenser-bushing poten- 
tial devices. The two devices would be installed on the phase 
to be synchronized and the secondaries connected in series, thus 
resulting in a secondary voltage, in phase with tlie phase-to-phase 
system voltage. Inrelaying between line and ground or between 
phases, it should be noted that each condenser bushing on the 
circuit breaker can be equipped with a potential device. Then 
with proper secondary interconnections all six devices may be 
used for synchronizing, relaying, voltage indication, or frequency 
indication without overloading the device. 


In the previous discussion some mention has been made of the 
voltage tapped from the bushing. For example, the normal tap 
voltage is about 4000 volts for a 132-kv. condenser-bushing 
device. The synchronoscope or other potential instruments are 
insulated from this high voltage by the voltage transformer in 
the device. It is well to keep in mind that the impedance of the 
upper part of the bushing is in the neighborhood of 11,000,000 
ohms; thus if the primary were short-circuited the maximum 
current that would flow is about 12 milliamperes. If the 
secondary of the device were short-circuited the maximum cur- 
rent would be approximately 250 milliamperes, which is too low 
to cause any serious damage. 


1. L. N. Crichton and H. C. Graves, Jr., Trans. A. I. E. E., 1928, Vol. 
47, No. 1, p. 259. 
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If overvoltage occurs on the last step of the bushing the gap 
diseharges with the above mentioned 11,000,000 ohms in series. 
The gap is set for 5000 volts and its discharge is limited to the 
above primary eurrent, and thus when the voltage returns to 
normal the gap automatically ceases to discharge. The high 
capacity of the condenser bushing protects it from impulse 
voltages. 

The high-voltage circuit of the device (4000 volts approxi- 
mately) is completely enclosed in a grounded metallic housing 
and insulated within for 7000 volts. The danger of any one’s 
coming in contact with this circuit is very remote. 

The condenser-bushing potential device is relatively inexpen- 
sive and can be applied at a nominal cost for either one or two 
breakers. 

In regard to Mr. Belt’s comments I should like to point out 
that the insulation of the plug tap to the bushing, for impulse 
voltages is as good as the insulation of the bushing itself. Thus 
the insulating qualities of the bushing are in no wise impaired by 
the addition of the tap and therefore no more trouble due to 
impulse voltages will be experienced in the future than in the past. 

In regard to the 6 per cent increase in stress on the upper 
portion of the bushing when the gap is discharging, I should like 
to emphasize the fact that the discharge of the gap is not an are 
but a glow. For this reason the gap acts not as a short circuit 
but as an overflow to excess voltages. Hence the increase in 
voltage stress is not 6 pes cent but lower—approaching 6 per cent 
as a maximum. The factor of safety of the bushing is great 
enough to allow this overvoltage indefinitely. Therefore the 
danger to the bushing caused by the almost infinitesimal time 
duration of an impulse is very slight. 

The same gap-discharge characteristic mentioned above pre- 
vents sufficient loss of potential to influence relay operation dur- 
ing impulse flashovers even if they were of sufficient time interval 
which is unlikely. Tests made since the writing of the paper 
have shown that the secondary voltage drops only a few per 
cent, thus substantiating the fact that the normal primary volt- 
age is maintained practically constant during disturbances. 
Repeated tests also demonstrate that the gap operation is 
automatic in that, when an impulse or surge “раѕѕеѕ over," 
the gap ceases to function. It operates only in case of over- 
voltage and tends to hold the primary voltage at normal value. 

Temperature variations of the condenser-bushing device are 
taken up in detail in the original paper. The effects are so small 
as to be negligible on most applications of the device. 

All of the above is confirmed by field experience which has 
demonstrated satisfactory operation of this device in service, and 
its inherent automatic compensation for overvoltage conditions. 
The following points may be considered as being of especial 
importance from the standpoint of installation and operation. 
The apparatus is entirely self-contained. The 4000-volt circuit 
is short, thoroughly insulated and protected from mechanical 
injury or accidental contact by grounded metal housings. No 
other circuits have a voltage in excess of approximately 110 volts. 
There is no rotating apparatus of any kind used. There is no 
apparatus used which is subject to deterioration. In short, the 
initial installation and the succeeding apparatus is on a par with 
that of a standard low-voltage instrument transformer. 
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Synopsis.—To understand the effect of surface materials on 
metallic arc welding electrodes, something must be known as regards 
the fundamental theory of arc heat distribution, arcvapor resistance, 
and similar matters which are modified by the presence of surface 
materials. The character of the arc may be changed by chemical 
and structural variations in the surface materials. Stability is one 
such arc characteristic. 

Two types of stability are recognized,—chemical and electrical. 
Surface materials have a significant influence on the brittleness or 
ductility of weld metal. They also can be used to control the атс 


EFORE the effects produced by surface materials 
B on metallie are welding electrodes, can be under- 
stood, some familiarity with the arc itself must 
be gained, and an understanding of many of the funda- 
mentals of welding acquired. Much of the subject 
matter presented is still in the controversial stage of 
development, but, to avoid numerous modifying re- 
marks throughout the discussion, all reference will be 
assumed for the time being to be fact. 

The arc itself appears to be a double thermocouple, 
the two couples being the junctions of the electrode tips 
with the opposite ends of the аге vapor stream. In 
Fig. 1 the welding arc is shown with the direction of 
thermocouple voltages common in mild steel welding 


Electrode 
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Fic. 1—T Taer METALLIC ARC SHOWING BY ARROWS THE 
DIRECTION OF THE THERMOCOUPLE VOLTAGES Most COMMON 
IN MILD STEEL WELDING. 


indicated by arrows. The work is usually connected to 
the positive terminal of the welding generator. A volt- 
age rise takes place at the filler rod end of the arc stream, 
the heat energy of the arc being changed to electrical 
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type, four such types being recognized. The influence of surface 
materials on the heating of electrodes is another phase of the matter of 
practical significance. Surface materials may be employed to 
control both the operating characteristics of the electrode and the 
resultant weld properties. Among the operating characteristics 
might be mentioned stability and rate of melting. Among the weld 
properties are included freedomf rom blow-holes and tensile strength. 
These and other practical applications of a comprehensive knowledge 


of surface materials are cited in this paper. 
* * * x * 


energy while at the deposit end, the welding current 
suffers a eorresponding voltage drop, electrical energy 
being changed to heat. There are eight possible 
combinations of thermocouple voltage directions and 
welding current directions. "These are shown in Fig. 2, 
the eight combinations resulting from the possibility 
of running the welding current in either direction. 


Welding Current 
Welding Current 


C D 


A 
2—'THE Four POSSIBLE COMBINATIONS OF ARC 
THERMOCOUPLE VOLTAGE WITH THE Two PossiBLE DIREC- 
TIONS OF WELDING CURRENT. 


Fic. 


Two possibilities of varying the character of the are 
are presented by this theory of arc heat distribution. 
One is the variation of directions of the thermocouple 
and impressed welding current combination, and the 
other is the e. m. f.-of the thermocouples and impressed 
current. 

The resistance of the arc vapor has little effect on are 
heat distribution but it practically controls the total 
arc heat. Besides the arc vapor resistance, considered 
as a whole, the relative resistance of the core and sheath 
of the arc stream affect the character of the arc. 

In studying both the total heat and its distribution 
in the metallic are in connection with welding, two 
phases of the subject must be considered,— weld 
properties and operating characteristics. To bring 
the matter of these two phases under control the 
electrode designer makes use of varying combinations 
involving the four fundamentals of design. These 
are chemical composition and structure of the filler rod 
itself together with the chemical composition and 
structure of the surface materials. 
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Heat is not the only factor to be studied. The 
electrical energy supplied by the welding generator is 
also converted into magnetic energy and light energy. 
Chemical energy, mechanical energy, and other forms 
are also resultants. The metallic arc and are welding 
are so complex that to try to grasp all the variables and 
their interrelations as a whole baffles even the best 
trained scientific mind. For an understanding it is 
necessary to analyze and synthesize until the field has 
been covered, always remembering that the mainte- 
nance of the аге depends on the equilibrium of many 
variables, the change of any one usually resulting in a 
compensating shift of all the others. This is true not 
only of the are but of the whole welding operation. 
These remarks are introduced to indicate that within 


the scope of a discussion confined essentially to the 


effect of surface materials on metallic are welding 
electrodes completeness is impossible. 

These surface materials fundamentally may vary 
chemically or structurally. Chemically, their variation 
is almost infinite, and structurally they may be coarsely 
or finely powdered or may be fibrous; they may be 
crystalline or amorphous; they may be applied evenly 
or unevenly, more on one side than the other, more at 
one end than the other or in single or multiple layers. 
Also, the relative mass of surface to electrode material 
may be varied. This relative mass has given rise to 
five classes of coatings. From the lightest to the heavi- 
est they are commonly designated as the “inappre- 
ciable” coatings of Elliott, the residual coatings of 
Churchward, the surfacing of the author, the flux 
coatings of Hollup and Holslag, and the slag coatings of 
Kjellberg and Jones. All except the extremes are in 
quite general commercial use in this country, while the 
slag coatings seem preferred in Europe where alter- 
nating current is in common use for welding. 

Taking up first the chemistry of the surface materials, 
it is found that both the arc heat distribution and total 
arc heat may be influenced through this fundamental. 
The electrodes themselves are metallic; hence they are 
first-class electrical conductors. The surface materials 
are most commonly non-metallic and are there- 
fore second-class conductors. When the vapor of a 
second-class conductor predominates in the arc stream, 


the higher the temperature, the lower the resistance. - 


This state of affairs tends to increase are stability, 
since a given variation in are length produces a lesser 
variation in resistance. The arc is complex and most 
observed tendencies are usually the algebraic sum of 
several tendencies. For example, an absolutely clean 
iron electrode operates with greatest stability when 
made the positive terminal of a d-c. generator because 
the thermo-couple action is such that the preponderance 
ofheatappearsatthe negative end of the are stream. By 
applying an “‘inappreciable” coating of calcium hydrox- 
ide, this thermocouple action is reversed and the arc be- 
comes lessstable, although thesurface materialis a second 
class conductor. Reverse the direction of the welding 
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current and the stability is restored. Increase the 
quantity of the calcium hydroxide and the stability 
increases until the аге stream becomes saturated with 
the resultant vapor, after which further increase of 
stability ceases regardless of additions of the surface 
materials. | 

A welding rod was prepared to show the significance 
of surface materials as just indicated. The bottom or 
starting end of this electrode possessed no surface 
materials, the center had the residual wire-mill lubri- 
eants, which became essentially calcium carbonate by 
the time the electrode was used, and the top coated with 
the usual commercial flux composed of calcium car- 
bonate together with siliceous materials. As such an 
electrode is run with direct current, (regular polarity), 
the first third gives a very unstable are, the middle 
third, an are which is commercially acceptable, and 
the top third, a very stable arc. All this seems due to a 
combination of arc heat distribution and are vapor 
resistance. 

To better understand the effect of surface materials 
on arc stability something must be said of stability 
itself. This matter is quite complex, but broadly, 
there is electrical and chemical stability. As the arc 
length increases, its resistance goes up, the are voltage 
rises and the current falls. It is inherently unstable. 
Therefore ballast resistance must be introduced in a 
constant potential source of supply current, or other 
stabilizing means be provided in a variable potential 
supply. Rasch has developed the equation for sta- 
bility with a constant potential supply and the equation 
also applies at any one instant with variable voltage 
supply. This equation is 


E, K,L 
ES EE 
where | 

S = What might be called “Stability Units." 

E, = Overvoltage or generator voltage minus are 
voltage. It is the voltage required to force 
the eurrent through the ballast resistance. 

I = Current in amperes flowing in the welding 
circuit. 

L = Arelength in inches. 

K, = A constant of the electrode called "Stability 
Constant." 


In Fig. 3, it is plotted for extreme values of the con- 
stants as they appear in welding. It will be noted 
that as the current increases, a variation in the constants 
has little effect on the stability, all curves falling 
between 0.1 and 0.2 stability units at 500 amperes. 
Chemical stability is no doubt due to violent chemical 
reactions taking place in the arc, usually between the 
electrode materials and surrounding atmosphere. It is 
well known that as the current is.increased from zero, 
the arc is at first silent, then the voltage drops, making 
a volt—ampere curve of seemingly hyperbolic form. 
This is shown in Fig. 4 from A to В. At В it drops 
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suddenly and continues on in much the same form 
from В! to C!. The are, after passing the critical 
point B, hisses. This drop appears to be. due to the 
introduction of the vapor of a second-class conductor 
a product of chemical reaction, and this same chemical 
reaction produces the “hiss.” If a hissing are is 
surrounded with a chemically inert atmosphere, the 


80 VOLTS 
OVERVOLTAGE 


20 VOLTS _ 
OVERVOLTAGE 


STABILTY UNITS 
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Ес. 3—RascH's EQUATION FOR STABILITY PLOTTED A8 
' CURVES, USING EXTREME VALUES oF Авс LENGTH, BALLAST 
RESISTANCE, AND STABILITY CONSTANT 


hiss ceases and the arc voltage rises to values indicated 
on the line B-C. | 

Most surface materials affect the stability constant 
of the electrode because they are vaporized and enter 


VOLTS 


` AMPERES. 
4—VOLT-AMPERE CURVES OF THE 


Fig. ‘*Hissinq”’ 


SILENT”? ARCS 


the аге stream. In this manner they affect the elec- 
trical stability of the arc according to Rasch’s equation. 
In Fig. 5, is shown a picture of the welding arc taken 
with infra-red light showing three stages of the transfer 
of a single drop of metal in the metallic welding arc. 
In taking these photographs and others shown in this 
paper, a light filter was interposed between the are and 
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the plate, and this allowed substantially infra-red 
light only to reach the plate. At the left, in Fig. 5 
the drop has reached maximum size and is about ready 
to eapillary aeross to the deposit. Note that the drop 
is almost completely surrounded by the are flame and, 
just prior, it was so surrounded. In the center, the 
drop has just touched the deposit metal. Note that 
the flame has disappeared and that a white hot, but 
still solid, collar is left оп the end of the electrode. -At 
the right the drop is about’ to neck off re-establishing 


.. 5—THREE STAGES OF THE TRANSFER OF A SINGLE Drop oF 
MorTEN METAL as It Takes PLACE IN METALLIC Авс WELDING 


Fig. 


the arc. The collar is still in evidence. This collar 

quite evidently represents the material receiving 
maximum contact with the surrounding atmosphere 

while at temperatures most apt to combine with the 

oxygen and nitrogen. An inert surface material which 

is fluid and tends to wet this white hot collar obviously 
protects it from contact with the surrounding atmos- 

phere. Thorium oxide is such a material and a mild 

steel electrode coated with it gives an аге practically 

as slient as that between carbons. 

In Fig. 6 this are is shown at the left. Note the 
large size of the drop as compared with the one at the 
center from the-same electrode uncoated. The elec- 
trode with thorium oxide permits the drop to form 
without being. literally blown off before reaching 
maximum size by violent chemical action. At the 


6—ARocs WITH THREE TYPES ОР ELECTRONS | 


Left coated with thorium oxide 
‘+. Center uncoated 
Right coated with berylium.oxide | 


Кто. 


right is an are from the same electrode coated with. 
berylium oxide. Note that this is smaller than that 
from the uncoated electrode at the center. The - 
chemical action seems more violent and the drops. are 
detachéd very rapidly. Each of these views, was 
selected from several thousand pictures taken as repre- 
senting the largest drop in each case. 

These pictures lead to a few remarks on are types, 
all of which may be produced by surface materials. 


0 
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At any certain current, every electrode tends to give 
some one of the four recognizable are types. The one 
at the left is a steady core type while the one at the 
right is a sheath type; the hollow center of which 
cannot well be represented by photography. In the 
steady core type the arc tends to pull off the bottom 
center evading the upper edge of the drop. In Fig. 7 
the reverse is true, an erratic core type are being shown 


. Fig. 7—Erratic Core TYPE Arc 


which tends to pull off only from the upper edge of the 
drop. This is a very difficult arc.for the welder to 
handle. A saturated arc is shown in Fig. 8, the arc 
stream pulling off from the entire cross-section of the 
electrode. This is probably the. most satisfactory arc 
for the welder to handle.’ - The sheath type is probably 
` a special form of the erratic соге type, or vice versa, 


8—SaTURATED TYPE ARC 
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the are merely pulling off from all points of the upper 


edge of the drop at once. This leads to the conclusion 
that the different arc types are the resultant of the 
absolute resistance of the are vapor stream and the 


relative resistance as between the central and outer 


portions. A steady core type arc often may be changed 
to a saturated type by merely increasing the current 
density. Some electrodes melt in their entirety on 
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account of resistance heating before the current density 
is raised to the point that a saturated arc results. 

The influence of surface materials on the heating of 
electrodes is another phase of the matter of practical 
significance. Most electrode heating is due to poor 
holder contact and so perfect contact must be assured 
in studying the effect of surface materials themselves 
in this respect. In Fig. 9 are shown the curves 
obtained by allowing the same electrode to reach 
equilibrium temperatures in the air at various currents, 
the surface only being varied for each curve. TIt will 
be noted that less current is required to heat what is 
known as а bare electrode as shown in Curve A, pos- 
sessing only the residual wire mill lubricants as а coat- 
ing, than the heavier coated Green Surface shown in 
Curve B, or the polished rod shown in. Curve C which 
is free from all surface materials. Conversely, the 
Green Surface and polished rods will carry higher 
‘welding currents than the so-called bare finish. 


~ 
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'9—ErrEcT or ELECTRODE SURFACE: 
A: Bare sds 
B. Green surfaced ер | 
O. ` Polished : | ' 


Fig. 


To most people the practical application of all this 
fundamental theory is the interesting thing. Both 


^. operating characteristics and weld properties may be 


eontrolled through the intelligent employment of sur- 
face materials applied to metallic are welding electrodes. 
Possession of the handbook data on the subject permits 
deliberately designing an' electrode for a specific pur- 
pose. ' Not many years ago, electrodes were developed 
by hit and miss experimenting and a use found for them 
after they were developed. Handbook data cannot 
very: well be developed without ‘a. knowledge of the 
fundamental theory. It would be like trying to design 


structural members without a knowledge of moment : 


of inertia, for example, which. requires calculus to 
For obvious reasoris, most of the electrode 
designer's handbook data of which the author has 
knowledge must, for the time being, be kept a trade 
secret of the research laboratory of the company where 


104 


it originated. No attempt, therefore, will be made to 
be specific or give reasons, but merely a few of the 
practical applications involving surface materials on 
welding electrodes will be cited. 

One of the earliest applications was in Europe where 
alternating current is largely used for welding. The 
bare electrode seldom gives sufficient stability for a-c. 
welding as a commercial process and so slag or flux 
coated electrodes were developed. The welding of 
mild steel has become a production process subject to 
all the competition of other such processes. The 
electrode, therefore, must exactly fit the job. Every 
different set-up represents a different set of conditions 
to be met. Sometimes quality is involved. The 
weld must be free from blow-holes. These are the 
result of a race between the escaping gas and the solidi- 
fying metal in which the gas loses and is imprisoned in 
the weld. Fig. 10 shows the blow-holes in a piece of 
stainless steel. Such steel offers a splendid oppor- 
tunity to study the subject of blow-holes because they 
are generally elongate and thus indicate their origin, 
their extent of travel, and direction of travel. Through 
the proper use of surface materials on the electrode 


Fig. 10—LoNGITUDINAL Cross-SECTION OF A CHROMIUM 
STEEL METALLIC Arc WELD DEPOSIT USED To Stupy Brow- 
Hours In WELDS 


the distribution of аге heat may be controlled and the 
blow-holes held at the bottom of the weld allowed to 
reach tne center or the top, or to escape entirely leaving 
a sound weld. 
_ The significance of blow-hole control through the 
use of surface materials is indicated in the report 
of a 46-mi. all metallic arc welded pipe line. The 
coated electrodes which happened to be developed in 
the author’s laboratory were used for welding the 46 
miles. When completed, the entire line was tested 
at 650 Ib. per sq. in. pressure without showing a single 
blow hole leak. 

Often oxides and nitrides are found in arc welds 
representing a content of 1 per cent in mild steel, 
while all other elements, other than iron, are not over 
% per cent. Thus in determining the physical prop- 
erties of the weld in so far as such properties de- 
pend on the chemical analysis of the deposited metal, 
these oxides and nitrides are often the predominating 
factor. Surface materials may be used to protect 
the transferred metal so that the brittleness incident 
to the presence of oxides and nitrides is reduced or 
eliminated. 

Again, competition may demand that welds be made 
at high rates of speed. For example, l4-in. plate 
welding has been done by beveling the edges and run- 
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ning three layers of weld metal, usually brushing and 
often caulking each layer as laid. For the highest 
quality work of this sort, three feet per hour per opera- 
tor is good practise. By using the surfaced electrode 
developed in the author's laboratory, which alters the 
arc heat distribution, sound welds fuzing clear through 
а l$-i. plate have been made at a rate of over 20 ft. 
per hour on plates butted together without beveling 
and with one passage of the electrode. 

Some feats which are at least impractical in any other 
way may be accomplished through the use of surface 
materials on electrodes. For example, safes and 
vaults are often lined with stainless steel because the 
oxygen cutting torch will not successfully cut it. In 
forming stainless steel into tanks and other articles it 
becomes desirable to cut it, (say, for a manhole), 
where shearing is impractical. The author’s laboratory 
has developed a metallic cutting electrode which, on 
account of the structure of its surface materials, readily 
cuts stainless steels. It also cuts and welds under 
many extreme conditions. It has even been used to 
lay down a weld deposit under water. 

These are only a few out of the very many practical 
applications of a knowledge of surface materials on 
metallic are electrodes. Furthermore, the effect of 
surface materials is only one consideration of are weld- 
ing. Metallic are phenomena are extremely complex 


and when used for welding, the complexity is tre- 


mendously increased. Knowledge of the subject is 
very far from complete and probably the greatest 
opportunity for future fundamental research lies in 
discovering adequate means for measuring the arc 
thermocouple voltages. 


Discussion 

(EprToR's Моте: The following discussion by Mr. Green is in answer 
to questions asked after presentation of the paper. The questions are not 
repeated here.) ° 

J. B. Green: The diameter of all the electrodes shown in 
the pictures was ?/ig in. and we used a lower current value than 
would be considered proper in practical welding, about 125 or 
150 amperes. 

The low current was used to give slower melting of the elec- 
trodes so that the moving pictures could be taken more satis- 
factorily. “If the currents had been different the pictures would 
probably be different. We were searching along broader lines. 
We were trying to find out, first, whether or not these four 
fundamentals had any effect at all, whether the chemical compo- 
sition and structure of the rod and surface materials really did 
affect the welding rod. If we go into the subject still deeper 
such matters will certainly be taken into account. 

Thorium oxide and berylium oxide were used as coatings but in 
practise those materials are too expensive and they are not 
suitable for other reasons. For example, thorium oxide will 
permit the production of an extreme example of a steady core- 
type are. It protects the neck of the drop of molten metal from 
air contact. In those two respects it might be considered an 
excellent surface material for electrodes, but unfortunately it 
forms a very bad slag on the weld deposit. This is a coky slag 
which is very adherent and difficult to remove in the case of 
multiple-layer welding. Тһе thorium oxide used for these 
experiments costs $48 a pound which would prohibit its com- 
mercial use. 
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For these pictures we have endeavored to use extreme cases, 
not picking necessarily the commercial case, but endeavoring to 
go as far as we could in any one direction. 

The question was raised as to why the are sometimes passed 
to the top of the puddle and sometimes to the bottom. 

I have done a great deal of speculating on that point and up to 
the present have been unable to devise any experiments 
either to prove or disprove a hypothesis. I believe that to bea 
matter of relative, and what I might call absolute resistance of the 
are stream. The relative resistance refers to the core and the 
sheath, if you can imagine the space between the electrode ends 
and the weld deposit as having a core and a sheath. If the 
core has a relatively high electrical resistance, the are will pull 
off from the upper rim, because the outside sheath is of relatively 
low resistance. If there is not sufficient current flowing so that 
the are can pull off from all points at onee, it naturally will 
jump around from one point to another, forming the erratic 
core-type are. However, if there is enough current flowing so 
that it pulls off all points at once, it forms a sheath-type are. 
At any one current density, it might form either an erratic core- 
_ type or a sheath-type, depending on the absolute resistance of 
the vapor. 

All of these pictures are of hand welding. We didn’t find the 
automatic ‘welding so favorable for taking these pictures. It 
may be we didn’t have the proper control devices. 

The same source of current was used for all the pictures, a 
constant-potential source with a large excess of ballast resistance. 

Fluxes used in gas welding, I think, are employed very largely 
to dissolve the oxide, while in electric welding (and this is more 
or less my theory) I believe that they protect the welding rod 
from air contact and therefore formation of embrittling oxides 
and nitrides, but they have also another function, and that is 
the distribution of heat. I think in metallic are welding the 
solution of the oxides is probably their least function. 

E. Herzog: (by letter) Mr. Green has done pioneering work 
of great importance in his are photographs. In his theoretical 
work, however, the assumption of various thermocouple eom- 
binations requires further explanation. 'Thermocouples as 
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usually defined in physics do not seem to be able to generate 
the voltages or convert the quantities of energy appearing in the 
arc, even at are temperatures. Can Mr. Green explain just 
why he has east overboard all accepted explanations of are 
phenomena in favor of his theory? 

J. B. Green: Mr. Herzog refers to accepted explanations of 
are phenomena, which I infer he feels apply to are-heat distribu- 
tion, and asks why I have east these explanations overboard. 
While probably I am familiar with much of the explanatory 
matter which has been published concerning are phenomena as it 
relates to arc-heat distribution, I do not know that this has been 
accepted. Furthermore, I did not intend to leave the impres- 
sion that I have cast overboard these explanations. My thermo- 
couple theory of are-heat distribution is merely an effort to add 
another explanation and, if possible, make it more rational. 
From the days of the elassie investigation of Hertha Ayrton, 
investigators have observed are phenomena which could be 
interpreted as voltage drop or elevation at the аге terminals. 
The theory of thermocouple action seems to be a rational explana- 
tion of these voltage changes, except on one count, and that, is 
the apparent magnitude of the voltage change. It is an estab- 
lished fact that the voltage change occurring in thermocouples 
composed of solid metals is quite small. In the metallic are, 
new conditions are introduced. The junctions are between 
molten metal and a vapor. Usually they are also operating at 
extremely high temperatures. Until someone actually measures 
the thermocouple voltages in the metallic are, who can tell just 
what effect these factors have on the action? My attitude to- 
wards my own thermocouple theory is neither to accept nor reject 
it until someone has actually measured the voltage changes. 

My theory has been deduced by reasoning from incomplete 
experimental data but, so far as I know, the same applies to all 
other theories covering the same subject. I am inclined to the 
opinion that when the matter is completely worked out and 
proved, the theories previously advanced will be found useful 
in explaining all thermocouple action, while thermocouple action 
itself will be found to be the true explanation of arc-heat 
distribution. 
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Synopsis.—The stability of the iron welding arc is influenced 
by a number of factors, such as the nature and the aerodynamic 
state of the surrounding atmosphere, the strength and distribution 
of the magnetic field, the composition of the electrode, the nature and 
the amount of gases occluded in the electrode, etc. In this paper, 


INTRODUCTION 


HE term “stability” of the welding arc can be 
interpreted in various ways and in accordance 
with conditions under which the welding arc is 

used. 

In this paper, only one phase of this problem is 
discussed, namely, the influence of the various gases 
on the arc conduction of the current and on the voltage 
necessary to maintain the arc. The stability of the arc 
is judged here by the average voltage drop across the 
short iron welding arc. 


ARC CONDUCTION 


The metallic welding arc is a combination of two 
factors, distinct, yet dependent upon one another. 
The conduction of the electric current is one factor and 
the transfer of the material across the arc stream is 
another factor. Both these factors are greatly in- 
fluenced by the gas surrounding the arc. The first 
factor, perhaps, is more directly affected; therefore, 
only the first one will be discussed in this paper. 

It is a well established fact that the conduction of the 
electric current in the arc is an ionic phenomenon. 
At any instant in a given volume of the arc core, there 
is about an equal number of electrons and positive 
ions. These carriers of the electric charges travel 
under the influence of the electrostatic field in opposite 
directions. The electrons migrate towards the anode, 
while the positive massive ions bombard the surface of 
the cathode spot. 

It is this bombardment by the positive ions that keeps 
the temperature of the cathode sufficiently high to 
permit the thermionic emission of the electrons. 

Since the electrons are moving at a much higher 
velocity than the positive ions, the relative number of 
these carriers is not the same. The number of electrons 
greatly exceeds the number of positive ions passed 
through the arc in a unit of time, so that practically the 
total current is carried by the electrons.! Yet without 
the continual production of the positive ions, the arc 


however, only the first item has been discussed in an attempt to show 
that the cooling of the electrode and the arc core by dissociation of the 
surrounding gas has the preponderent influence on the stability of 
the arc. 


THERMIONIC EMISSION OF ELECTRONS FROM THE 
CATHODE | 


The first factor,—that is, the thermionic emission of 
the electrons from the cathode,—is a function of tem- 
perature and is expressed by the well-known Richard- 
son's formulat I = A 05 e ??, The temperature is the 
first and the most important factor. 

The second factor is the nature of the material of 
the cathode. Various substances at the same tempera- 
ture will emit very different electronic currents. Among 
the substances giving the largest thermionic emissions, 
ealeium oxide holds a marked place. If calcium oxide 
be present in sufficient amount on the surface of the 
electrode of a vacuum tube the thermionic emission may 
increase several hundred times over that produced by 
an electrode made, for example, of pureiron. In the case 
of the arc conduction of the current, it can be expected 
that CaO present on the surface of the electrode will also 
greatly facilitate the maintenance of a stable arc. | 

The third factor affecting the thermionie emission 
from the cathode is the gas surrounding the cathode. 
Various gases influence this emission to different degrees. 
The gas that has the most marked effect is hydrogen. 


Owing to its strong electropositive nature the first 


gaseous layer next to the cathode creates such a steep 
potential gradient, that the electrons will escape the 
surface of the cathode with great facility. 

Taking, again, the example of calcium oxide, it is 
established that the thermionic emission from that 
compound surrounded with hydrogen increases very 
considerably. The thermionic current from incan- 


Q 
. I = А 6! є 26 represents the general law of thermionic 
emission and is applicable to the various substances. 
I represents current in amperes 
6 represents absolute temperature which is given by 
6 = 273 + deg. cent. 
€ represents 2.718 
A and О are constants which have various values for different 


phenomena would be impossible; hence both factors substances. Thus for thermionic emission in air at low pressure: 
play equally important roles and any condition affect- Substante Q A 
ing one of these factors (or both at the same time) will ——— eem 
have great influence on the stability of the arc. Platinum...... 131 x 10° 6.9 X 107 
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descent calcium oxide in air at low pressure is 0.05 am- 
peres per sq. cm. If hydrogen replaces the atmos- 
pherie gases, the thermionic current at the same tem- 
perature will be 1000 amperes per sq. cm. of the cathode 
spot. Evena trace of hydrogen is sufficient to increase 
the thermionic emission. 


IONIZATION 


Passing now to the consideration of ionization, 
the first factor to be analyzed is the ionizing potentials 
of the materials present in the state of gas or vapor in 
the space between the electrodes. 


The ionizing potential expressed in equivalent 
volts is the potential through which the electron must 
fall to acquire a sufficient energy to ionize the gaseous 
atom or molecule. The amount of energy necessary 
to produce this effect is proportional to the stability 
of the atomic structure. Since the helium atom pos- 
sesses the most stable atomic structure, the ionizing 
potential for that gas is the highest. After helium 
comes neon, and so on, until calcium, and finally 
caesium (which requires the least energy for ionization) 
is reached. 


TABLE I 
TABLE OF IONIZING POTENTIALS? 
ionizing 
Atomic potentials 
Name number Symbol volts 
НеНиштш..................... 2 Не 24.5 
INGOD музды dace sre Rua ar n 10 Ne 21.5 
АТ ОП earen куиш cee Ress 18 А 15.3 
Охукеп..................... 8 O 18.56—(15.5) 
Нуйговеп................... 1 Н 13.53-(15.9) 
Рһоѕрһогиѕ.................. 15 Р (13.3) 
Миїгокеп.................... 7 М 10.8—(16.9) 
Мегепгу.................... 80 НЕ 10.39 
SUIDDUF а See ees 16 S (10.31) 
GARG: 25.8 dco Sel О ЕЛГЕ СЕГЕ 30 Zn 9.35 
ӨШсоп...................... 14 Si 8.50 
Соррег..................... 29 Cu 7.69 
SHV GR шкеак seen EORR ats 47 Ag 7.54 
IDÓB. e Sk Baie алы 26 Fe 7.4 
Мапвапеѕе.................. 25 Mn 7.4 
DOA Mp E 82 Pb 7.39 
Molybdenum................ 42 Mo 7.1 
Chromium.................. 24 Cr 6.7 
"Titanium... E ERA 22 Ti 6.5 
Са1сїшш..................... 20 Ca 6.09 
Aluminum................ ss. 13 Al 5.96 
Ваги: хало RE EN 56 Ba 5.19 
Зоййша..................... 11 Ма 5.12 
Роѓаѕвіїцт................... 19 К 4.10 
Caeslum os cso nde ee eee eee 55 Cs 3.90 
Асебу1епе................... С H4 (12.3) 
Carbon Monoxlde............. CO (14.3) 
CO (14.3) 


Carbon Dioxide.............. 


Note: Values in parentheses refer to molecules. 


From examination of Table I it may be concluded 
that if the vapors of alkaline earths or alkali metals 
be present in the space between the electrodes striking 
and maintaining the arc would be much easier than in 
air. The voltage required to strike the arc and the 
voltage across the established arc will be lower. This 
conclusion is quite in accord with the experimental 
data.‘ 
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From Table I it may also be seen that the ionizing 
potentials of certain monatomic gases are very much 
higher than those of molecular gases. Helium, for 
instance, has the highest ionizing potential—namely, 
24.5 volts—whereas the ionizing potential of nitrogen is 
only 16.9 volts. 


At first glance it would seem to be ший easier 
to strike and maintain the welding arc in nitrogen than 
in helium; yet experiments indicate that the contrary 
is true; in fact, it requires much lower open-circuit 
voltage to strike the arc in helium than in nitrogen. 
With certain precautions, 20 volts are sufficient to strike 
the arc in helium, whereas at least 30 volts are necessary 


to strike the arc in nitrogen.5 


This apparent paradox can be explained by the fact 
that in monatomic gases the electron impacts below 
the ionizing or radiating potentials are elastic. In 
helium, for instance, the electron impacts below 20 
volts (minimum radiating potential) are elastic. The 
electron does not lose its energy at the first or second 
collision, but rebounds and proceeds in a zigzag course 
until it falls through the potential giving it sufficient 
energy to bring the helium atom into an excited state 
at the next impact. If an excited atom which already 
had absorbed 20 volts is again hit with an electron of 
sufficient energy, then the helium atom will be ionized. 


This preservation of the energy of the bombarding 
electron during the successive impacts explains the 
possibility of drawing the arc in helium with lower open 
circuit voltage than in nitrogen. 


In nitrogen as in all diatomic gases the electron 
impacts are not elastic. In that case the accumula- 
tion of energy by an electron falling through the po- 
tential should be fast enough so that in spite of con- 
tinual losses during the encounter with the molecules, 
it will be able to acquire energy sufficient to ionize. 
Therefore the striking voltage in molecular gases must 
be considerably higher than in monatomic gases. 


COOLING OF THE ARC 


The next factor affecting the ionization is the dis- 
sipation of energy and therefore the cooling of the 
crater and the аге core. It is a well established fact 
that it requires much greater voltage to strike the arc 
with water cooled electrodes than with electrodes 
allowed to become incandescent.’ 


The gases surrounding the electrodes and the arc 
core in certain cases cause such effective cooling that 
the arc voltage or the voltage necessary to strike the 
arcis very much higher. If the open-circuit voltage 


_ of the welding generator is not increased the arc becomes 


very unstable. 


From an examination of the tables giving the physical 
constants of the gases, it may be seen that helium has 
the highest coefficient of heat conductivity: namely, 
0.000339 calories per deg. cent. Yet the cooling effect 
of that gas on the arc is not greatly different than that. 
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of air of which the coefficient of heat conductivity is 
only one-sixth as great; namely, 0.0000568. On the 
other hand, if helium be compared with hydrogen, 
which has about the same coefficient of heat conduc- 
tivity (0.000327) it will be found that the cooling effect 
of hydrogen is many times greater than that of helium. 
This indicates that the cooling effect of the gas is a 
function of some other much more powerful factor than 
the mere dissipation of heat by conduction.’ 

The well-known experiments conducted by Dr. 
Langmuir on heat losses from incandescent tungsten 
filaments placed in hydrogen established that the power- 
ful cooling effect of that gas is due to the absorption of 
energy by dissociation at high temperature of the 
molecular hydrogen into the atomic state. However, 
the mere fact of the dissociation of the molecules into 
the atomic state is not sufficient to produce the cooling 
effect. To produce that, the dissociation products 
should diffuse away from the arc core so that the re- 
combination of the atoms into molecules with the 
inevitable restoration of the absorbed energy will occur 
at a sufficient distance from the are core. Otherwise 
‘there will be an immediate restitution of the absorbed 
energy which excludes the possibility. of the cooling 
effect. 
hydrogen is due not only to the fact that the whole mass 
of that gas in the first gaseous layers next to the are 
core is dissociated into atomic state, but also to the 
fact that the atomic hydrogen rapidly diffuses away 
from the arc core. 

The most common gas met in welding is, of course, 
nitrogen, since it constitutes 78 per cent of the atmos- 
pheric air. This gas also dissociates into the atomic 
state in the first gaseous layers next to the arc core. 
The heat of dissociation of nitrogen is 274,000 calories 
per mol, that is, almost three times as great as 
that of hydrogen, (98,000 cal. per mol), so that it 
has the greatest capacity for absorbing energy from the 
arc. If the products of dissociation, that is, the atomic 
nitrogen, could be blown away from the arc in the same 
way as the atomic hydrogen is blown away from the 
arc, the atomic nitrogen would be three times as 
efficient a heat transmission medium as the atomic 
hydrogen. However, the dissociation of nitrogen into 
the atomic state does not begin until the temperature 
is 3500 deg. cent., whereas the dissociation of hydrogen 
is appreciable at 1800 deg. cent. A small percentage 
of nitrogen is dissociated in the first gaseous layer 
next to the arc core, but as soon as it leaves that region 
it recombines into the molecular state, with a complete 
restoration of the absorbed energy. Therefore the 
cooling effect of this reaction is neglible. 

Carbon monoxide presents an interesting subject for 
study because, in spite of a very high heat of dissocia- 
tion it is the gas in which the Welding arc can be main- 
tained with the greatest ease. 

The heat of dissociation of exon monoxide as 
calculated from the barid spectra is 258,000 calories 
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per mol. If, in spite of this enormous heat of 
dissociation, this gas does not produce any appreci- 
able cooling of the arc, it either is not dissociated by the 
are or the products of dissociation eannot be blown off 
the arc, but recombine in the immediate vicinity of the 
arc core with full restoration of the absorbed energy. 

For purposes of elucidation if possible on this interest- 
ing point, the writer made the following series of ex- 
periments: 

After preparing and purifying a sufficient amount of 
carbon monoxide, a steam of that gas was passed as 
shown in Fig. 1 through a cylindrical clear fused quartz 
vessel in the middle of which were disposed two tungsten 
electrodes. The flow of the gas was adjusted so as to 
duplicate as nearly as possible the conditions of an 
actual welding operation, if such be made with carbon 
monoxide as a shielding gas. The out-flowing gas, 
after passing through a vessel filled with.an aqueous 
solution of NaOH, was conducted to a quartz nozzle 
and burned in contact with the atmosphere. By bring- 
ing into contact and then withdrawing the tungsten 
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electrodes, an arc of 30 amperes and 28 volts was 
established in the stream of gas for one minute. At 
the end of 60 sec. the arc was hardly visible through 
the black deposit on the inside walls of the vessel. 

The color of the flame of the outflowing gas was 
changed from the characteristic pale blue of carbon 
monoxide to yellow. 

The following conclusions may be drawn from the 
above observations. Since the three known oxides of 
carbon—namely, CO, СО», and C.O;—are not solids 
at room temperature, the black deposit could be either 
pure carbon, a mixture of carbon and condensed tung- 
sten vapor, or tungsten carbide. The chemical analy- 
sis of the deposit indicated, however, that the black 
deposit was carbon. 

The experiments repeated with various mixtures of 
H: and CO indicated that the presence of Н» does not 
prevent the formation of the black deposit. The 
dilution of CO merely reduces the amount of the de- 
posit per unit time. However, when the experiment 
was repeated in pure argon, the walls of the vessel 
remained perfectly clear. 

It may be concluded that carbon monoxide is dis- 
sociated by the are and that one of the products of 
dissociation was diffused away. 
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This is an apparent contradiction to the well-known 
fact that the dissociation of carbon monoxide begins 
only at an extremely high temperature. Therefore, the 
gas should behave in this respect like nitrogen. This 
contradiction, however, is apparent only, since that 
reaction took place in the presence of readily oxidizable 
materials, and the heat of formation of the secondary 
reactions of the liberated oxygen (and probably a part 
of carbon) compensates for the cooling effect of the 
first reaction. 

However, since the gas has a smoky appearance in the 
immediate vicinity of the are core it may be inferred 
that the liberated carbon was condensed into the solid 
state in the region next to the are core. Since the heat 
of sublimation of carbon is quite accurately known, it is 
possible to represent the abovereaction by the equation :?! 

C (gaseous) = C(solid) + 141,000 calories 
so that even in the absence of other secondary reactions 
of oxidation and carburation of the electrodes, the 
condensation of carbon alone restores the greatest 


part of the energy previously absorbed from the arc core. 

The oxidation of tungsten, that is formation of 
WO, or WO; give respectively 131,400 and 196,300 
calories per mol. 

In the case of iron the formation of Ее, O; ог Fe; О, 
produces 197,700 and 270,800 calories, respectively. 
In other words, the condensation of the gaseous carbon 
and the oxidation reaction supply an amount of heat 
almost sufficient to neutralize the cooling effect of the 
first reaction. The as yet unpublished results obtained 
by other experimentators, communicated to the writer, 
indicate that in thearc maintained in C О thereare formed 
products of polymerization such as С.О, or (C О). 

If this is correct, then the mechanism of dissociation 
of C O may be explained in a different way, namely, 
the products of polymerization diffuse away from the 
are core without absorption of energy, and being unsta- 
ble, break up in the cooler regions of the arc. This ex- 
planation of the mechanism of dissociation seems to 
the author to be the most plausible. 

The most remarkable property of carbon monoxide is 
its stabilizing influence of the welding arc burning in 
any gas to which earbon monoxide is added in sufficient 
amount. 

This property is quite astonishing because the ionizing 
potential of this gas is high; namely, 14.8 volts. "This 
fact, however, can be reconciled with the stability of the 
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arcin that gas, by observing that only a certain percentage 
will bedissociated. Therest of thegas willbein molecular 
form and that with regard to the ionization by succes- 
sive electron. impacts carbon monoxide behaves in an 
astonishingly similar manner to mercury vapor." 
Owing to the existence of several critical potentials 
both these gases may accumulate the energy neces- 
sary for ionization by steps, and as in mercury vapor, 
so in carbon monoxide gas it is possible to maintain an 
аге with a very low voltage. 

Carbon dioxide gas is dissociated in the arc into 
oxygen and carbon monoxide. A part of the produced 
carbon monoxide will undergo further dissociation into 
carbon and oxygen. However, in the presence of an 
excess of carbon dioxide, the amount of dissociated 
carbon monoxide will be very small. 

The heat of dissociation of carbon dioxide into 
oxygen and carbon monoxide is 68,000 calories per 
mol. If the products of dissociation are blown 
off the are, the are will be always burning in carbon 
dioxide, which through its dissociation will produce a 
very strong cooling effect causing instability of the arc. 

The voltage drop may be as high as 30-35 volts and 
the are will be very unstable. If, however, the arc is 
maintained in a more or less stationary atmosphere of 
the dissociated carbon dioxide, it will be stable, and the 
arc voltage of an are of say 175 amperes will be only 
19 volts. 

Fig. 2 shows the relationship between the compo- 
sition of the gaseous atmosphere and the arc voltage 
at an iron welding arc of 100 amperes, three milli- 


CONCLUSION 

The stability of the iron welding arc is influenced by a 
number of factors, such as the nature and the aerody- 
namic state of the surrounding atmosphere, the strength 
and distribution of the magnetic field, the composition 
of the electrode, the nature and the amount of gases 
included in the electrode, etc. In this paper however, 
only the first item has been discussed in an attempt to 
show that the cooling of the electrode and the are core 
has the preponderent influence on the stability of thearc. 
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Discussion 


Elihu Thomson: The paper is one which sums up in a 
brief way the result of a lot of study that has been given to the 
subject by Mr. Alexander. 


Mr. Alexander, of course, has made a great point of dissocia- 
tion. Dissociation in the way that he deals with it means simply 
that a molecule by the delivery of electric energy is broken up 
into atoms. He deals with hydrogen dissociation, which forms 
_ the basis of the Langmuir atomic-hydrogen process of welding, 
where an arc is formed and is fed with hydrogen, which passing 
through the arc is dissociated into atomic hydrogen. Conse- 
quently, the process is called the atomic-hydrogen method. It is 
known that a very large amount of energy is required to separate 
hydrogen from hydrogen, and as the atoms leave the are and the 
gas falls in temperature slightly they recombine and there is 
enormous restoration of the energy which was demanded to 
dissociate them. 

Mr. Alexander deals with such a process and applies it to other 
gases and compounds. Let us take the case of carbon monoxide. 
Carbon monoxide, as he shows, requires for its dissociation a 
large amount of energy. This would indicate rather high voltage 
in the are. But he also studies it in this way. Does the energy 
come back, and where does it come back? It comes back at once 
close to the locus of dissociation. He shows that the gases do not 
diffuse away, and calls attention to that property of carbon it- 
self, which being vaporized, is immediately condensed into the 
solid form, in the form of what we might call “soot,” if we could 
see it. He shows that in the condensation of the vaporized 
earbon we have also an enormous output of energy. The carbon 
might be visible, if we could separate it from the oxygen, but 
the oxygen dissociated from the carbon monoxide is there to 
recombine, and it also represents a store of energy given out when 
it recombines with the carbon. Mr. Alexander so accounts for 
the properties of the carbon-monixide arc, which has been found 
to be one of the best stabilizers for ares drawn in other gases. 
A mixture of carbon monoxide with hydrogen, for example, gives 
an excellently stabilized are as compared with what you would 
get with hydrogen alone. 

Eugene Herzog: It is only in one minor point that I fee! 
obliged to disagree with the author, 7.e., in his application of 
Langmuir's dissociation theory to carbon monoxide. It does not 
seem logieal to me to assume that the faet of no energy absorption 
would explain the stabilizing influence of carbon monoxide on 
the arc; a more active participation of carbon monoxide through 


easier ionization probably due to resonance potentials seems a . 


necessary assumption. A hasty search of literature did not dis- 
close. the existence of any resonance potential, but data seem 
entirely laeking on the subject. 

P. Alexander: Referring to Mr. Herzog's question, I will 
say that in Table I, I give the ionizing potentials not only of 
atoms but also of molecules. For instance, if we take oxygen, the 
ionizing potential of atomic oxygen is given as 13.56. When 
oxygen is in a molecular state it requires a slightly higher energy 
to ionize the molecule. The value given is 15.5. And so on. 
Most of the given values refer to the atoms, because when these 
elements are vaporized they are in an atomic state, not in a 
molecular state. The molecular state of these elements is not 
stable. | | 

Undoubtedly certain molecules are what most of the physicists 
in this country call in an excited state. That is, they have 
already absorbed a certain amount of energy. Ionization of these 
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excited molecules is easier, so that energy necessary for a bom- 
barding electron to ionize them will be less. 

The absenee of absorption of energy does not explain the 
stabilizing properties of carbon monoxide. It explains only why 
in spite of the observed dissociation of a certain amount of carbon 
monoxide the are core is not cooled by this reaction. In certain 
cases it may happen that the subsequent reactions of the dissocia- 
tion produets with other materials present in the are may 
liberate more energy than the amount absorbed from the are 
core. In such а ease the arc core will be heated instead of cooled; 
thus the dissociation of one mol that is one gram-molecule of 
carbon monoxide absorbs 248,445 calories which can be expressed 
by the equation: 

CO = C, + О — 248,445 calories 

The (C,) gaseous carbon condenses immediately into solid 
earbon thus: 

C (gaseous) = C (solid) plus 141,000 ealories 
Also the atomic oxygen recombines into molecular state with 
evolution of energy thus: 

V5 (O + O) = 16 O: + 81,000 calories. 
And finally if the molecular oxygen combines with tungsten 
vapor that reaction will yield: 

Vo W + 60, = 6 WO; + 65,700 calories | 

so that the total amount of the liberated energy will be 141,000 
+ 81,000 + 65,700 which equals 287,700. However, the stabiliz- 
ing property of earbon monoxide depends not on the absorption 
or evolution energy, but as I stated ‘‘owing to the existence of 
several critical potentials." 

With regard to the literature on this subjeet, I would refer to 
the referenee (11) given at the end of my paper. 

C. H. Keel: I think that two years ago Mr. Alexander pre- 
sented a paper describing the use of the metallic electric welding 
process in an atmosphere of hydrogen. I wonder if there has 
been as much development in that process as there has been in 
the case of tungsten electric welding in hydrogen, and if there are 
any practical limitations to that process. 

P. Alexander: The development of the shielded-are process 
is going on in our works, but as is the case with all the new proc- 
esses it is not sufficient to establish the fundamental facts about 
the process before it is commercialized. It is necessary also to 
evolve the technic of handling that process. The present work 
which we are doing in our factories consists of the development of 
the technic. 

We also find that there are certain limitations to the process. 
For certain work, this process is not suitable. We find that in 
other fields, unexpected fields, this process is very suitable and 
gives better results than we expected it would. 

A. P. Wood, in his paper' tells of the application of this proc- 
ess to large generators. 

J. W. Sheffer: Does the atomic-hydrogen process produce 
welds free from oxides? 

P. Alexander: It does. The resistance to corrosion of 
atomic-hydrogen welds is not definitely ascertained as yet, but I 
believe that it should give higher resistance to corrosion than 
welds with oxides and other impurities. 

Experimentally, atomic hydrogen was used on welding plates 
up to 2 in. thick, but in practical work I believe much lower 
thicknesses should be used. If you will notice, in the pamphlet 
issued by the General Electric Co., thicknesses up to 14 in. only 
are recommended. 


1. Welding and Manufacture of Large Electrical Apparatus, A. P. Wood, 
see p. 717. 


Arc-Welded Structures and Bridges 


BY A. M. CANDY! 


Member, A. I. E. E. 


Synopsis.—The use of arc welding for constructing buildings, 
machinery, bridges, etc., has come into prominence during the 
past eighteen months, due to the merits of the process becoming 
- recognized by a number of designers. Undoubtedly within the 
next few years the applications of the process will be extended 
rapidly as our available data are corroborated and amplified and 
as the limitations of the process become well defined. 

The arc welding process of joining steel members to produce a 
fabricated structure, either to replace riveting or to take the place 
of castings, will produce results not obtainable in any other way 
known at present. Among the advantages of arc welding are the 
following: 

1. The weight of materials required in a member or structure 
can be reduced by as much as 18 per cent. 

2. No material is removed from members for welded connections 
such as rivet holes for riveted construction. 


N the past when beams or columns were required of 
section greater than the largest commercial rolled 
shapes available, they were constructed of angles 

for flanges and stiffeners and a plate for a web as shown 
in Fig. 1. Today, by using the arc weld process, a 
similar beam can be made ffom plate material exclu- 
sively (See Fig. 2). The former girder weighs 798 Ib., 
and carried a maximum central load of 68,900 Ib. The 
latter weighed 18 per cent less, or 656 Ib., and carried a 
maximum load 13 per cent greater, or 78,000 lb. The 
load deflection diagrams of these two girders are shown 
by Fig. 3, as 20 and 20-A, for riveted construction using 
angles and plates whereas 21 and 21-A are designed for 
welding using plate material only. "This latter design 
was used for the large second floor girders in the Sharon 
are welded building (Fig. 4.) "These occurred in pairs 
over the crane runway illustrated in Fig. 5. These 
girders weighed 9 tons each, whereas girders made of 
angles for flanges and stiffeners for riveted design had 
an estimated weight of 11 tons which shows 18 per cent 
saving. Since there are 22 of these girders in the build- 
ing, a total of 44 tons of steel is saved by the welded 
design. 

For the first аге welded girder type railroad bridge, 
this same construction is used for the main side girders, 
each weighing 6 tons, (Fig. 6). 
span of 53 ft. 9 in. and is 62 ft. 4 in. long over all, 
requiring 20 tons of steel. о 

Опе of the advantages observed in the design and 
construction of this bridge was the ease of connecting 
the inside sketch stiffeners to the main girder webs 
and top faces of the floor beams as compared with the 
connection details which would be required for riveted 
construction. | | 

1. Welding Engineer, Westinghouse Electric & Mfg. Co., East 
Pittsburgh, Pa. 


.. Presented at the Winter Convention of the A. I. E. E., New 
York, N. Y., Feb. 13-17, 1928. 
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each angle to the shank plates. 


This bridge has a 


- 8. The weight of connecting material in some cases can Бе 
reduced 50 per cent to 90 per cent. 

4. Absolute fixation of one member to another can be easily 
and economically obtained. 

6. Continuity of members intersecting others can be readily 
obtained. 


6. Greater rigidity can be obtained in a structure. 


7. Overlapping members can be completely sealed by weld 
metal, thereby excluding moisture, preventing corrosion, and making . 
a structure easier to paint. 


8. Changes in or additions to structures can be made with a 
great saving in both time and expen:e. 


9. More pleasing designs and in some cases, designs impossible 
by other processes, can be produced. 


10. The welding process is practically noiseless. 


The advantages of not punching holes in members 
for welded construction are almost too obvious to 
mention as indicated by the following example: 

To show the advantages gained by simply substi- 
tuting are welding for riveting in tension members, two 
specimens were prepared as shown by Nos. 17 and 18 
in Fig. 7. Specimen No. 17 comprises two angles 2 
in. by 2 in. by 3/16 in. by 4 ft. long with their 216 in. 
legs located against two shank plates 34 in. by 5 in. 
by 1 ft. long, with the angles overlapping the plate 
ends four inches. Тһе heel and toe of each angle was 
welded along the 4-in. length and across the ends of 
Specimen No. 18 was 
slightly different in that the angles were 4 ft. 214 in. 
long, overlapping the shank plates by 615 in., and were 
riveted to the shank plates with 6 rivets of 5 in. 
diameter, power driven in 11/16 in. diameter holes. 

The comparative failures of these specimens are 
shown by Fig. 8. The welded specimen first failed 
through the 215-in. leg followed by tearing through the 
2-in. leg adjacent to the end of the shank plates. The 
riveted specimen failed through the first rivet hole at 
the end of the shank plate. 

The following tabulation gives the pertinent data: 


Ultimate load in 
Ib. per sq. in. of 


Specimen Lb. elastic Lb. ultimate sectional area 

number limit load of the 2 angles 
17 70,000 94,000 58,000 
72,000 44,600 


In addition to the fact that the welded specimen was 
more than 30 per cent stronger than the riveted speci- 
men, it is interesting to note, in passing, that the elonga- 
tion of the welded specimen was 168 per cent greater 
than the riveted specimen,’ the values being 1.12 in. 
over a length of 4 ft. 31% in. for the riveted specimen, 
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and 3 in. for the welded specimen measured over a 
length of 40 in. 

The weight of connecting material for welded joints 
is very much less than for equivalent riveted con- 
nections. For example, the 9-in. J-beam, (Fig. 9), 
required only two pounds of weld metal to attach it to 
the columns and it withstood a maximum central load 
of 67,200 Ib. In the case of the specimen, Fig. 10, 
the connecting angles and rivets weighed 22 lb. and the 


Fig. 4—Larcest Arc-WELDED BUILDING PRODUCED TO DATE 


P Five stories and mezzanine floor 70 ft. by 220 ft. by 80 ft. high, 790 tons of 
Fig. 1—RivETED GIRDER Steel; saving 95 tons of steel since a riveted building of same design would 
| require 885 tons of steel. Location, Sharon, Pa. 

Girder 15 ft. long, 14-15/16 in. deep, weight 798 Ib. Four flange angles ; 

4 by 3 by 5/16 in. 16 web stiffener angles 3 by 2 by 1/4 in. 12 filler 
plates 2-1/2 by 5/16 in. and two 5 by 5/16 in. Web plate 14 in. by 5/16 
in. Performance is shown in Fig. 3, curve No. 20. 


157912 


Fie. _2—Arc-WELDED GIRDER 


Girder 15 ft. long, 14-3/4 in. deep, weight 656 lb. Two flange plates 
10 in. by 3/8in. 16 web stiffener plates 3 by 1/4in. Web plate 14 by 5/16 
in. Performance is shown in Fig. 3, curve No. 21. 
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Fig. 3—LoAD-DEFLECTION CURVES OF RIVETED AND WELDED 
GIRDERS SHOWN IN Fias. 1 AND 2 


Curve 20a is a specimen duplicating the riveted girder in Fig. 1. Curve 
No. 19 is a specimen using identical material except that the connections 
were made with weld metal instead of rivets which reduced the weight of 
complete specimen to 785 lb. instead of 798 lb. Curve No. 21a is a speci- 
men similar to arc-welded girder shown in Fig. 2, except that 4 additional 
web stiffener plates were used and ali stiffeners were made 4-1/2 in. wide; 
also atop cover plate 9 in. by 5/16 in. by 6 ft. long was added, making the Еа. 6—ALL Arc-WELDED RAILROAD BRIDGE or THROUGH- 
total weight 795 Ib. | GIRDER ТҮРЕ 
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specimen carried only a central load of 58,700 Ib. or 


1216 per cent less capacity with 11 times the weight of ` 


connecting material. 

The load deflection diagrams of these specimens 
are shown by Fig. 11 curves. No. 8 and No. 9, 
respectively. 

These same specimens illustrate the fact that com- 
plete fixation of the 9-in. J-beam to the column was 


SPECIMENS WELDED AND RIVETED 


7—TENSION-TEST 


Fig. 
No: 17 is arc-welded. No. 18 is riveted; Deflection curves are shown 
in Fig. 8. 
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0 0.4 
Fic. 


The welded specimen No. 17 failed Just outside the shank plate through 
the angles at 94,000 Ib. and elongation of 3 in. on 3 ft-4in. centers. Riveted 
specimen No. 18 failed through first rivet hole at 72,000 Ib. and elongation 
of only 1.12 in. on 4 ft, 3-1/2 in. centers. 
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obtained їп case of the welded specimen as all failure 
was due to buckling of the beam top flange and crippling 
ofthe web. Inthe case of the riveted specimen the first 
failure was the bending of the top angles followed by 
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Fig. 9—ArRc-WELDED BEAM 


Beam member is a 9 in. 21.8 lb. 7 ft-11-3/8 in. long welded at ends to 
10 in. Н columns 49-1/2 lb. per foot. Performance shown by Fig. 9 
curve No. 8. 


Fic. 10—Rtvetep BEAM 

Specimen same as shown in Fig. 6, except that beam is secured to column 
by 1/2 in. thick angles and 20 rivets 3/4 in. diameter. Performance shown 
by Fig. 9 curve No. 9. 


No. 9 Same as No.7 Except Beam“A” was 
de Joined to Columns by Means of Top and 


от Angles and Ten? in. Rivets per Joint 
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IN Fras. 7 AND 8 


Also Curve 7 shows a specimen similar to Fig. 7 except that seat angles 
D 41n. by 3 in. by 3/8 in. by 5 in. long and top plates C 4 by 18 by 5 in. 
long were used as shown in sketch. 
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Fra. | 12—WELDED BEAM CONSTRUCTION 


Beam member 6 in. 1-12-1/2 Ib. 18 in. long arc welded tocolumns. Beam 
deflected 3-5/8 in. with 100-ton load. 
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Fie. 13—HivEsTED BEAM CONSTRUCTION 


Beam member same as for Fig. 8 but secured to column by 1/2 in. angles 
and 32 rivets 5/8 in. diameter. Beam deflected 1 in. with 60-ton load when 
top angles failed. 


Fig. 14— TvPicAL COLUMN CONNECTIONS IN 790-Том 
Arc-WELDED SHARON BUILDING 
Continuity of 20 in. 1.65 Ib. header girders secured by plates in column 


just above the 15 in. I floor beams. Oontinuity at. bottom of 20 in. I 
secured through seat angles under 15 in. I floor beams. 


flange buckling and web crippling. These character- 
istics аге shown possibly even better in Fig. 12, which 
specimen carried a maximum load of 100 tons whereas 
specimen Fig. 13 carried only 60.tons when the top 
angles failed. In these cases, the connecting material 
ratio is ten to one in favor of welded connections which 


ZEN Fic. 15—WErpED Bram CONSTRUCTION 


Two cantilever 9 in. Bethiehem 1-beams 20-1/2 lb. secured to 8 in. H 
column 32 lb. using seat angles 4 in. by 3 in. by 3/8 by 5 in. long, top reen- 
forcing plates 4 in. by 1/2 in. by 4-1/2 in. long. Continuity plates, 3 in. 


by 5/8 in. by 6-5/8 in. long located in column, give the effect of making 


beams continuous through,the column. Failure took place by crippling of 


beam webs. Performance shown in Fig. 13 Curve No. 2. 


Fia. 16—Crosre-U» or SPECIMEN Du»PLICATE or Fie. 11 


Shows stress lines on beam webs and no failure of welded connections. 
This specimen was coated with cement to accentuate the stress: lines. 
Performance shown by Curve 2 of Fig. 13. 
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Fig. 17—S»PECIMEN SIMILAR TO Ес. 11 EXCEPT CONTINUITY 
| 
PLATES WERE OMITTED IN COLUMN 


As a result of omitting continuity plates the column web buckled. Per- 
formance shown in Fig. 18 Curve No. 4. 


involved 114 lb. of weld metal and 15 lb. of angles and 
rivets, with improved performance for the welded 
structure. |. | ar AL МАРОН 
The advantage of obtaining continuity: оѓ lines of 
beams or girders by welded connections lies in the fact 
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Fias. 10 AND 12 


Also Ourve 3 shows à specimen similar to Fig. 10 except that no seat an- 
gies or top reenforcing plates were used. 
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Eig. 19—First Твпзз-ТүрЕ ÀÁnc-WELDED RArLROAD BRIDGE 


AT CHICOPEE l'ALLs, Mass. 
: U 


Welded bridge uses 80 tons of steel. 


Riveted bridge design specified 
120 tons of steel. | | 


20—Two Bays BEING ADDED BY Arc WELDING TO A 
SMALL ARC-WELDED BUILDING 


Making structure 40 ft. by 100 ft. by 40 ft. to tops of columns. A — 
of over 10 per cent was made compared with estimated riveted cost. 


Fia. 
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that the designer can save weight in the structure. 
For example, in the 790-ton Sharon building, 51 tons of 
steel was: saved by- designing floor beams and header 
girders for continuity. The continuity of the girders 
through the columns was obtained by welding con- 


_tinuity plates in the columns in line with the top flanges 


of the girders as per Fig. 14. That this construction 
will produce continuity is illustrated by Figs. 15 and 16, 
which show failure by crippling of the J-beam web with- 
out any sign of weld failure whereas if the plates in the 
column are omitted as per Fig. 17, the column web will 
fail as indicated. The loads in these cases being 70,000 
Ib. for the former and 53,400 Ib. for the latter. The 
load deflection curves for-Figs. 16 and 17 are shown by 
No. 2 and No. 4, respectively, of Fig. 18. | 
`Тһе application of continuity and reduction of con- 
nection details for the design of the first arc welded 
truss-type railroad bridge Fig. 19 resulted in a saving 


21—-CLOSE-UP VIEW OF ADDITION, Fic. 15 


Еа. ` 
Shows: small amount of disturbance in masonry where members are added 
to an existing structure by arc welding. 


of 3314 per cent by weight in the steel required in 
the structure. The welded bridge involves 80 tons of- 
steel whereas the riveted design requires 120 tons of 
steel. In thecase of the welded design, the connection 
details are only about 5 per cent of the weight of the 
structure, whereas the connection details for the 
riveted design are about 30 per cent of the weight of the 


‘structure. 


Where corrections in, or additions to, existing struc- 


tures are to be made, the arc process will show tre- 


mendous savings, and as a result, much work of thistype, 
such as the reenforcing of the Great Western Railroad 
Bridge, at Leavenworth, Kansas, over the Missouri 
River, has been performed recently. In this case, over 
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110 tons of plate material, etc., were added to the struc- 
ture at a figure considerably below the riveting cost. 

In the case of the 3-bay welded building, Fig. 20, 
it was decided to add two bays. To do this, only a 
relatively small amount of outside masonry was re- 
moved to permit of the welding being done as illustrated 
by Fig. 21. | 

The major saving in this сјаѕѕ of work is in the 
elimination of drilling holes for rivets and tearing away 
masonry on the rear side of the members to 
permit backing up the rivets while being driven. 


Due to its many merits, such as lower costs, absence 
of noise, etc., the are welding process will undoubtedly 
come into greater and greater use. The information 
which is accumulating from its use on relatively simple 
buildings will make it available in combination with 
riveting for larger and more complicated structures, and 
should lead eventually to the possibility of its use almost 
exclusively on the largest and most complicated struc- 
tures built of structural steel. 


Discussion 


J. W. Owens: Mr. Candy brought up two points to which I 


should like to refer: 


The first one is that he partially admitted the advantage, or so- 
ealled advantage, claimed for the riveted joint, namely, the 
possibility of its adjustment by slippage under load as against the 
non-slippage of the welded joint. This is a point which welding 
engineers have not conceded. 


In the first place, if a structural engineer could produce an 
integral building or one without a joint, in other words the most 
perfect building that could be constructed, he would do it. 
He does not do so because of mechanical and commercial con- 
siderations in the manufacture, shipment, fabrication, and 
erection of the steel. The nearer then that we can approach the 
ideal of a homogeneous structure, the more perfect will be our 
buildings, and welded construction approaches this ideal very 
closely. 


Again, a riveted joint is known from tests to slip at 15 to 20 
per cent of its ultimate strength, and once a riveted joint starts 
to slip, you do not know what results such slippage will have on 
the loads which other parts of the structure will be required to 
stand and for which such parts were probably not designed. In 
dealing with naval architects I have found that they have a 
tendency to stress the so-called advantage of joint slippage 
because of the complex stresses that the ship’s hull is subjected 
to in service. May point of view is that if welded joints have a 
working strength greater than the elastic limit of the material 
welded, the elasticity of the base metal will take care of such 
stresses. Any stress beyond the elastic limit of the material 
welded will permanently deform the structure regardless of 
whether it is welded or riveted. Practically, then, the most 
perfect structure that can be made is one in which all the joints 
are welded. However, it should be designed specifically for 
welding. 

The second point I should like to call attention to is Mr. 
Candy’s remarks about the slotted joint. This joint was, I 
think, first introduced in airplane construction and is today 
used extensively in this class of work, the tubing being slotted for 
an insert plate as shown in the accompanying Fig. 1 at A. The 
Newport News Shipyard has recently extensively employed the 
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slotted joint in the construetion of the hull strueture of the 
S. S. Virginia. This ship is a sister ship of the California, 
and the largest merchant ship to be built in the United 
States to date. In this ease, the tops and bottoms of her tubular 
pillars, some of which were 22 in. in diameter and of % in. 
material, were slotted for plates as shown in C, thus making 
possible a joint which was twice as strong as the original riveted 
joint obtained by means of a forged angle-ring riveted to the 
pillar. This welded connection was made at about one-fourth 
of the cost of the riveted one. Two of the other applications to 
which I have applied this joint are shown in B and D. This 
type of joint will be found very useful in the development of 
various structural designs. This was called to the attention of 
the American Welding Society at its fall meeting in Detroit. 


$e 
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Fic. 1—VARIOUS APPLICATIONS OF THE SLOTTED JOINT 


I should like to emphasize that, in all my experience with 
practically every type of welded structure, I have rarely come 
across a сазе in which the structure would not be cheaper if 
welded instead of riveted, provided it had been specifically 
designed for welding. In my opinion, the time is not far distant 
(perhaps it will be within the next seven or ten years) when we 
shall have completely welded ships. The Newport News Ship- 
yard is now welding the major portion of non-strength parts of 
ships constructed at this yard and a number of the important 
strength members, e. g., pillars, rudders, frames, ete. Before 
long, it is expected, we shall be completely welding bulkheads. 

A. M. Candy: Referring to Mr. Owen’s remarks relative to 
flexibility in structural steel connections, I wish to make the 
following comments. In riveted designs for beam-to-column 


connections as the beam is loaded it will be deflected to a certain 


point, depending upon the loading on the beam, which results ina 
certain amount of bending in the connection angles which secure 
the beam end to the column. The very act of bending of the 
connecting angles relieves the stresses which would otherwise be 
imposed on the connecting material. In designing steel struc- 
tures for welding the amount of weld metal which may secure the 
beam to the column in so far as handling the shear load on the 
connection, may be entirely inadequate to take care of the stresses 
which may result at the connection if this amount of metal is 
placed where it will restrain the end of the beam from separating 
from the column by the amount which it would have separated 
had a standard riveted connection been employed. If, for 
example, the top and bottom flanges of a given beam are to be 
welded to a column the amount of welding used must be sufficient 
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to earry all of the stresses which will be thrown into the connec- 
tion point when the beam is loaded, said stresses to be calculated 
upon the basis that the beam end is fixed to the column and can- 
not move with the deflection of the beam under load. These 
secondary stresses which are produced through the connection 
due to the fixation of one member to the other may in some cases 
be several times the normal loading which would result on a 
standard riveted connection. I believe that if Mr. Owens gives 
this point some little thought, he will readily see the idea which 
the speaker had in mind when briefly mentioning this very 
characteristic. 
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Relative to the slotted construction used in airplane-fuselage 
manufacture, I believe that Mr. Owens will find that the gusset 
plates used at the connection points are not slotted but that the 
tubular members are slotted so that they will slip on over the 
gusset plates, which are solid, welding being performed around the 
edges of the tubes where they come in contact with the gusset 
plates. Asa matter of fact, slotting the gusset plates in this type 
of joint would defeat the very purpose which it is desired to 
accomplish, namely, to have a solid continuous web member 
throughout the tubing sections, which are joined by the gusset 
plate. 


Welding and Manufacturing of Large Electrical 
Apparatus 


BY A. P. WOOD: 


Associate, A. I. E. E. 


Synopsis.—The object of this paper is to show how extensively 
electric welding is being used in the fabrication of large electrical 
apparatus. It outlines the use and advantages of welding for 


HE steps required in producing an electrical 
machine of iron or steel castings consist chiefly of 
engineering, drafting, making patterns and cast- 

ings, machining, assembling, and finally, filling and 
painting. 

The tendency of the present day, however, is to 
produce machines, particularly the larger electrical 
machinery, of welded steel plates. It is possible now by 
following the new modern process of fabricating a 
machine practically to eliminate the pattern shop as 
well as the foundry. 


Welding passed beyond the experimental 9 
several years ago. Previously, it was principally used 
for repair work. Automatic welding equipment has 
recently been developed, which guarantees a much 
better weld, thus greatly reducing the possibility of 
personal error present in hand welding and insuring 
uniformity throughout the length of the weld. Con- 
siderable time and money is saved by resorting to 


automatic welding wherever possible, as it is more 


rapid than hand welding and there is no loss of welding 
wire as in the case in hand welding. 

A drafting department can quickly produce simpli- 
fied drawings calling for steel plates to be cut by flame, 
some of. which are easily rolled circular, and then mostly 
automatically welded together, thus producing a stator 
or rotor. 


By making these large structures of fabricated plates, 


1. A-e. Engg. Dept., General Electric Co., Schenectady, N. Y. 
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supplanting the casting and machinery of parts and  describee 
briefly the welding eguipment developed for this purpose and soms 
of the electrical machines produced by this method. 


no expensive patterns are required. "Valuable pattern 
storage space, which had to be increased as time went 
by is thereby released and ean be used for other manu- 
facturing purposes. Foundry space is reduced and the 
substitution of welded forms for castings results in a 
great saving of time and eliminates the possibility of a 
defective casting due to cores shifting, blow holes, cold 
shots, and pouring gates, which require time to burn and 
machine off. 


The work of the machine shop is reduced to a mini- 
mum, as the plates arc-welded together have approxi- 
mately the finished dimensions, while in a casting there 
is of necessity a great amount of excess metal which is 
never twice alike and which requires excessive 
machining. 

The first use of welding in a-c. machine construction 
was spot welding the armature-core air-duct spacers- 
to the laminations instead of riveting them on. The 
next development was the adoption about 11 years ago 
of welded clamping flanges for holding the stator 
laminations. These flanges consist of sheared-off steel 
fingers arc-welded to steel retaining plates. About 
this time, arc-welded air deflectors made of sheet iron 
and angle iron were introduced. 

In 1924, the General Electric Co. designed and built a 
1400-kv-a. machine having the stator frame of welded 
steel plates. This stator consisted of two side plates 
having the supporting feet as part of the plate. The 
outside wrapper plate, foot plates, and ribs for retaining 
stator punchings, were then hand-welded in place. 
It was lighter than a similar cast machine, and deflec- 
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tion tests -proved it to be much stronger. The chance 
of breakage due to handling while in the course of 
manufacture, or to short circuits after being installed, 
was greatly reduced. During the three intervening 
years, practically all stator frames of our machines 
have been changed over to this new form of construction. 

‘When the steel plate frame is ready for painting it is 


Fic. 1—STATOR-FRAME AUTOMATIC WELDER FOR FRAMES UP 
TO 14 Ет. DIAMETER 


of nice appearance, as any scale attached to the plates 
has been removed by sand blasting. No filler being 
required, the surface is quickly finished with a paint gun. 

These years of experience have justified the making 
of arc welded steel-plate machines as large as 40 ft. in 


Fig. 2—STAToR-FRAME AUTOMATIC WELDER FOR FRAMES 
EXCEEDING 14 FT. DIAMETER 


diameter for slow speed, and as high as 10 ft. for high | 


speed, and up to the present writing, of capacity up to 
100,000 kv-a. l 

Very extensive tests have been made on samples of 
plates welded together with single-, double-, and triple- 
layer. welding—both hand and automatic—so that 


there is no question about the sort of welding to use for 


any particular design. 
Wherever possible, on vertical or horizontal stators, 
rotors, bearing brackets, etc., hand welding has been 


superseded by automatic welding. On large diameter . 


stators two. or more circular plates made of segments, 
when in the same plane, are welded together by a semi- 
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automatic hydrogen-enveloped arc. This results in a 
ductile weld that is easy to machine or grind and will not 


break if accidently stressed by being dropped in 
handling. 


For general work, three principal types of automatic 
welding machines have been developed. On the first 
type of welding machine, the welding heads are station- 
ary and the piece to be welded is rotated past the heads. 
It is, however, only practical to rotate the work up toa 
certain diameter (see Fig. 1). With the second type 
of automatic welding, used for larger diameters, the 


Ес. 3—STATOR with PUNCHINGS ков 50,000-Kv-a. 
SYNCHRONOUS CONDENSER 


radial arms of the automatic welding machine are 
made to rotate by a motor drive, Fig. 2. The 
third type of automatie welding is a straight-line 
welder in which the work is stationary and the welding 
head is moved. . . 

The large automatic welding machines shown in Figs. 
1 and 2 weld from 6 to 8 ft. per minute. The current 


Fig. 4—AÀ WELDED Roratine Stator FRAME FOR SuPER- 
SYNCHRONOUS MOTOR 


used is between 300 and 400 amperes at 20 to 30 volts, 
depending on the gap between the pieces to be welded. 
Direct current is used. | | 

The semi-automatie hydrogen-enveloped welding 
uses approximately 250 amperes at 40 to 60 volts, as it. 
requires a higher voltage to maintain the arc. 
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The welding rod, or reel, on the automatic machines 
is of G. E. Type-B shielded -wire, which consists of a 
steel core and outer steel layer between which is the 
flux. A high speed of welding is possible with this wire. 

A large horizontal stator of 50,000 kv-a. is shown, 
Fig. 3. You will note the supporting feet are cut out as 
part of the side plates and welded to a heavy plate which 
is drilled for the holding down and adjusting bolts. 
The stator is split horizontally to aid in shipping, the 


5—WELDED Bram Base ron 2500-Kv-A. SYNCHRONOUS 
CONDENSER 
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two halves being held together by bolts and dowels 
inserted in the rectangular blocks, which were com- 
pleted as a unit before welding in the stator. As a 
result of arc welding, we have produced large stator 
frames in 90 deg., 120 deg. and 180 deg., sections that 


Fig. 6—VERTICAL WATER-WHEEL DRIVEN GENERATOR 


PRACTICALLY ENTIRELY WELDED 


require no setting up on expensive iron floors for 
machining or dowelling at the splits, as this operation 
is entirely eliminated. The ventilating air openings 
are located in the circular outer apron, or wrapper 
sheet, and are covered with punched metal covers. The 
laminations are mounted on the welded ribs and 
clamped tightly together by welded non-magnetic 
steel clamping flanges. 

A rotating stator frame for a С. E. super-synchronous 


WOOD: WELDING OF LARGE ELECTRICAL APPARATUS 


719 


motor built up of are welded rolled plates is shown in 
Fig. 4. 

The next step in the elimination of castings on the 
horizontal machine was to replace the cast iron base 
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. Fig. 7—WELDED Ботов SPIDER ron 19,700-Kv-4., Rev. PER: 


Min. GENERATOR 


with one of welded beams. (See Fig. 5.) This design 
has been developed and built for machines up to 50,000 
kv-a. 

Fig. 6 shows a medium sized vertical alternator, the 
mechanical parts of which are almost entirely of welded 
construction. The stator frame is similar in construc- 
tion to the horizontal stator previously described, 
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8—W ELDED AIR DEFLECTOR 


except that the bottom plate is of larger diameter, to 
permit of fastening to the foündation plates. A heavy 
rolled ring is welded to the top of the outside wrapper 
plate for supporting the top bearing bracket.  . 

A structural steel welded upper bearing bracket con- 
sisting of two rolled I-beam girders between which is 
bolted a welded housing carries the upper guide bearing 


апа supports the thrust bearing which carries the weight 


of the rotor, waterwheel runner, and thrust. The ends 
of these girders are cut off to a rather large radius and a 
steel plate is rolled to this radius and welded to the web 
of the beam. This construction does not appreciably 
affect the strength of the beam and gives the structure 
a more pleasing appearance. The platform around the 
exciteris made of plates, welded together, and the exciter, 
itself, has a frame made of a steel slab rolled to shape. 
Where the load on the upper bearing bracket is so large 
that rolled steel beams of sufficient size cannot be 
obtained, these brackets are made up by plates welded 
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together. We have recently finished two such fabri- 
cated beams similar in section to the rolled I-beam 
which are 3015 ft. long and 6 ft. high. The flanges and 
webs are welded together throughout their entire 
length. Between these beams is carried a welded 
thrust bearing housing designed to support a load of 
950 tons. 

A large number of cast rotor spiders has been 
replaced by various designs of welded plate construc- 
tion. On the smaller spiders the hub is cut from thick 
steel plate or made from casting stock, to which is 
welded a center web-cut out of heavy rolled plate. 
The rotor rim is steel plate rolled to the proper diameter 
and welded to the center web. "This outside rim may 
be either a single plate with a butt welded joint or 
made of two rolled plates having the joints staggered 


. and welded together completely around the outer. 


edges. Since the rim plate is welded to both sides of 
the web plate around the complete periphery, the 
welded joint of the rim does not have to take the entire 
load of the centrifugal force of the poles. 

For the larger class of rotors a welded-plate spider is 
used to support a rim built up of thin laminations. 
Such a design for a 19,700-kv-a. generator is shown in 
Fig. 7. The center spider consists of circular plates 
for the top and bottom members which are welded to 
a center hub. Plates are spaced around the outer 
periphery of the plates which serve as a backing sup- 
port for the rim laminations and are slotted for keys 
which transmit the torque from the shaft to the rim. 
Bolted to the bottom circular plate are segments of 
heavy plate which act as a braking surface and in 
addition support the weight of the rim. This type of 
design has been quite generally adopted as standard 
for the larger slow-speed vertical generators. 

Welded structural-steel bearing brackets for support- 
ing the lower guide bearing have been standard on 
large diameter vertical machines since about 1922. 
Ordinarily, these brackets are built of rolled shapes 
fabricated by flame cutting and welding. Mounted on 
the lower bracket are combined brakes and jacks which 
are also fabricated of parts welded together. 

The original cast iron enclosing shields for positive 
ventilation on horizontal machines have been replaced 
by a combination welded and riveted sheet iron shield. 
Fig. 8. clearly shows the method of obtaining a large 
radius to the shields which is pleasing to the eye and 
seems so necessary when castings were used. An open- 
type spot-welded shield has been standard for a good 
many years. 

The development of the art of welding and flame 
cutting has marked a new era in the design of electrical 
machines, particularly those which are either very 
large or special. Тһе advantages of obtaining a struc- 
ture which is homogeneous, free from possible casting 
defects, long and costly machining, and which lends 
itself so admirably to changes in design without any 
more expense than the change of a drawing, are, in the 
writer’s opinion, so great that they cannot be ignored. 
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Discussion 


F. D. Newbury: I wish to endorse and, if I сап, emphasize 
what Mr. Wood has just said about the fundamental importance 
of this change in our machinery construction. 

The introduction of welding and the use of rolled sections, 
instead of castings, has given the designer an entirely new basis 
for his design. Instead of the foundry and the pattern shop 
we have substituted the steel rolling mill, the gas torch, and 
welding equipment. As one man has recently expressed:it, a 
fabricating shop for electrical machinery now is something like 
a carpenter’s shop: it contains a stock of standard shapes, 
something to cut them to the proper size, and something to nail 
them together into the shape desired. 

I would also emphasize the fact that to obtain the advantage 
of this new construction, the designer must design his structure 
for welding rather than for casting. 

Mr. Wood also pointed out, I believe, that unless the designer 
does so take advantage of the new method, there is apt to be 
little saving in cost in the structural parts over corresponding 
cast parts. The great saving, and the obvious saving, is in the 
elimination of patterns. So this new method is applicable 
generally to special designs for larger machines that are seldom 
duplicated. 

To take full advantage of this new method, machine operations 
as such must be eliminated as much as possible, and in our own 
experience we have found it possible already to build frames for 
machines of very large size with no machining operations 
except drilling the holes for certain through-bolts. 

But, while there are obvious advantages from a cost and 
delivery standpoint in the elimination of patterns and in the 
elimination of castings, this very fact has introduced rather 
serious problems for the factory administrator. It is not an easy 
thing for the factory manager to become reconciled to the fact 
that he is losing his foundry load, and it is a real problem for the 
manager to face, to scrap millions of dollars of factory equip- 
ment due to the introduction of a new method. But American 
managers have always boasted of their willingness to scrap 
obsolete equipment and they are now faced with the fact that a 
great deal of the foundry equipment of the electrical manufac- 
facturers and undoubtedly other manufacturers, as they take up 
this new work, must be scrapped in favor of a newer and less 
expensive method of construction. 

We have also found an incidental advantage in the changed 
attitude of mind of our foundry friends. Since they have 
experienced this new competition there has been less thought 
about tonnage and more attention has been given to methods of 
reducing foundry costs, as for example, through use of thinner 
sections. 

Of course, this new method will not completely eliminate 
castings by any means. The casting method will show lower 
costs, for parts of smaller diameters, and for parts that require 
considerable fabrication work, and particularly where the size 
and volume of the output warrant machine-foundry methods. 

There is just one more point I should like to call to your 
attention, that the advantages of struetural materials in our 
electrical machinery have been recognized for many years. 
Some 28 years ago the 5000-kw. engine-ty pe generators that were 
built for the Interborough elevated and subway plants in New 
York City had a completely fabrieated rotating part, with 
riveted built-up spiders. About 18 years ago we attempted to 
design a line of d-c. machines with entirely structural parts, 
but that plan was abandoned because there was no satisfactory 
low-cost method of assembling available at that time. 

About 15 years ago I was interested in a structural frame 
design that we gave up because of cost. There riveting was 
eontemplated instead of welding. 

So it should be plaeed to the eredit of the welding process 
that we are now able to make these savings and achieve these 
very desirable results in electrical machinery design. 

B. L. Barns: A very important advantage of welded 
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construction is the greater freedom of the designer in using 
dimensions and proportions best suited for the electrical charac- 
teristics that are desired. When large and expensive patterns 
were used the electrical designs were often compromises. When 
a particular rating was required the proportions of the machine 
were often largely determined by existing patterns with the 
result that the active material was not always used to the best 
advantage or some characteristic was not as good as it might 
have been. With this new construction the designer has greater 
freedom in choosing the proportions of the active material and 
as a result better machines are being built. 

Another advantage that has been experienced in the factory 
with which I am connected is a material reduction in delays in 
manufacture due to defective castings. Even though great care 
may be exercised in the inspection of castings in the foundry, 
occasionally defects or flaws are discovered after the machine 
work is partly done. If the defect is of a sufficiently serious 
nature it is necessary to scrap the casting and order a new one. 
This, of course, upsets the whole schedule of production and a 
delay in shipment probably results. On the other hand the 
welded construction is free from hidden defects and manufac- 
‘turing delays are correspondingly reduced. The absence of 
delays from these causes is an economy that is incidental to this 
type of construction. 

H. M. Hobart: In spite of all the nice things said about these 
machines, I think the designs they have been turning out recently 
are quite unbeautiful. I wonder if they can’t, without abandon- 
ing all these advantages, bring in a little less unloveliness. 

F. D. Newbury: We have often had this point about 
appearance of the machines brought up. My answer has 
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always been that a thing is good-looking if it is designed accord- 
ing to correct mechanical principles, if there is no imitation 
about it. A straightforward design is always good-looking to an 
engineer. 

B. L. Barns: Our company just recently received an order for 
several large low-speed machines. The standard which was set on 
the floor was flat, like a pancake, and had a large diameter. My 
assistant, Mr. Sills, got the happy idea of building the frame 
with flat sides, a polygon. The purpose of that was to add 
vertical lines to the frame and make it look higher. The upper 
bearing bracket for supporting the thrust-bearing, we intend 
to build of the girder type, two girders side by side with the 
thrust bearing support in between. So we carried out the same 
idea and made all tlie lines on the girder straight. We built a 
small model which I took to the customer’s office and exhibited, 
and the enthusiasm for the general appearance was unbounded. 
They didn’t want around machine after that. 

A. P. Wood: I might answer Mr. Hobart by saying that 
the new generation of designers has probably been influenced 
by modern cubist tendencies in art. 

In order to help beautify the welded steel construction you will 
note by photographs in the paper that the effect of rounded 
corners is obtained by flanging the thinner sheet-metal enclosing 
hoods. In some eases a curve as large as 6 in. is used which 
eliminates the square appearance. But from a manufacturing 
point of view, the heavy plates which are passed through large 
rolls, cold, must remain squared, as in this shape they best lend 
themselves to automatic welding. 

I believe that, as many others have, the more you see of ma- 
chines of this construction the better you will like them. 
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